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ABSTRACT 
An apparatus has been constructed for generating a 25  cm 
cube of randomly inhomogeneous gas in the GALCIT 17--inch 
diameter shock tube. It consists of a two-dimensional 7 x 8 a r ray  
of fine jets alternately of helium and freon-12 behind coarse grids 
located on opposite sides of a box. The two other side walls of 
the box a r e  fitted with optical windows fo r  diagnostics. The up- 
s t ream and downstream faces of the box a r e  movable and can be 
opened rapidly just before shock arrival.  This process is  automated, 
and the arr ival  time of the shock wave relative to the decay of the 
turbulent density field can be varied. The gas mixture is  made 
neutral1.y buoyaj~t so that the mean interface between the scattering 
region and the uniform ail- ia the shock tube is  parallel to the plane 
of the incoming wave. Furthermore, the mean acoustic impedance 
of the mixture is  matched to that of the quiescent a i r  in the shock 
tube to minimize the effect of the a i r -gas  mixture interface on the 
shock wave. 
In this experiment shock waves of strengths varying from 
M = 1.  007 to 1. 1 scatter  frorri randorn variations of acoustical 
s 
impedance and index of refraction (defined au the ratio of the sound 
speed in a i r  tR, the local, variable, sound speed in the scattering 
medium) which occur during the turbulent mixing of the two different 
gases. The scale and amplitude of the fluctuations before inter- 
action with the shock wave a r e  obtained from optical and point den- 
sity measurements; the method of Ubl3roi and Kovasznay (Ref. 10) 
has been used to obtain length scales of the flow from shadowgraph 
and schlieren pictures, and the Brown-Rebollo (Ref. 11) density 
probe i s  used to measure local mean and r m s  density fluctuations, 
and space- and cross-  correlation functions. 
To study the interaction of the shock with the turbulence, 
spark shadowgraph and schlieren pictures have been taken and 
pressure  measurements have been made. A.rrays of pressure  
transducers located in a false endwall downstream of the scattering 
volurne record the shock front topology and the spatial variation of 
shock amplitude. 
The pressure measurements indicate a substantial modifica- 
tion of the unperturbed shock profile. Data a r e  presented which 
indicate the effect of the Mach number on the scattering process. 
Optical measurements show that length scales in the fluid, 
which is processed by all but the weakest shocks, have changed 
due to the interaction process. 
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I. INTRODUCTION 
1.1 Motivation for the Research 
With the increasing need during the l a s t  30 years  to under- 
stand the mechanisms of acoustic -wave propagation in the oceans 
and atmosphere and/or  radio-wave propagation in the atmosphere, 
the theory of wave propagation in random media has  been exten- 
sively developed and verified by experiment. Contemporary 
applications in technology, incluaing propagation of sonic boom and 
blast waves through the ear th '  s turbulent boundary layer, transonic 
shock-boundary layer interaction, and l a s e r  corn-munications and 
energy conversion have fueled continuing interest  in the field. 
The major  difficulty, of course, deriving f rom the impossi- 
bility of characterizing the random rnediwn in complete detail, i s  
the question of what propert ies  of the medium must  be specified in  
o rder  to obtain desired information about the wave field. Fo r  the 
case in which fluctuations of index of refraction in the medium and 
the resulting perturbations of the wave field a r e  small, the theory 
i s  ra ther  complete (Chernov, Ref. 1). This i s  l inear o r  single- 
scattering theory, in which the scattered waves a r e  of s~-nall 
arnplifxde or, in the alternative terminology of g e ~ m e t ~ i c a l  coustics, 
the deflection of the rays  normal to the wave fronts i s  small ,  
The question of how nonlinear effects f i r s t  rnake thelxselves 
felt in different scattering problerns i s  not so clear  and has not 
been considered in any detail. Fo r  example, the single-scattering 
theory of the sonic boom (Crow, Ref, 2 )  predicts impossibly large 
perturbations on the shock front, suggesting that in order  to 
predict shock amplitude (of pr imary importance in determining the 
environmental impact of the sonic boom), consideration of imultiple 
scat ter ing i s  necessary.  In the termiiiol.ogy of geometrical acous - 
tics, the small-amplitude theory does not provide for focusing of 
wave fronts, which surely must  occur when perturbations of vave -  
front geometry become sufficiently large. It i s  not knowri what 
scales of turbulence might lead to important focusing effects in any 
given situation, o r  indeed, what the effect of focusing might be on 
the stat is t ics  of wave front geometry and perturbation amplitude. 
In particular, there a r e  no experimenta,l. resul ts  available which 
provide any information about the effects of second -order  scattering 
or gas-dynamic nonlinearity on the propagation of weak shock waves 
through random media. 
Keller (Ref. 3 )  has reviewed the theories  available for 
treating problems in which the randorn variations a r e  not srnall. 
In mos t  analyses averaged equations a r e  formed which yield solu- 
tions in t e r m s  of the moments of the unknowns. This procedure is 
precisely analogous to the construction of the mean equations of 
motion for turbulence, and yields a hierarcliy of molneiit equations 
which mus t  be broken a t  some level by a closure approxi~~iat ion,  
Thus, the analysis of scattering in a fluid with large fluctuations 
reduces to a problem identical to and of equal difficulty a s  the 
description of turbulence. Indeed, it can be argued that the study 
of scattering in a turbuleilt fluid i s  nothing other than the study of 
turbulence itself, and that the resul ts  of such studies may provide 
solne useful insights into the nature of turbulence itself. 
Conside ratjon of the sonic -boom pmbl en3 affords a conven- 
iex-rt point of view for  illustrating the features of shocli: propagation 
in  a randorn medium, Some results from sonic-boom theory and 
e ~ p e r ~ n e n t ,  which are  r e l e v a ~ t  to t h . ~  current  study, will be briefly 
discussed. 
An airplane which f l ies zupersonically in s uniform a t n ~ o s -  
ghere ger le~ates  pressure  wave which at  largc djstancc:~ drorn the 
a i rcraf t  has an N-  shap-rl: profiT+. f;Vhitlzam, Rc:f. 4 1, coilsisting o f  
arz expansion wave sandwiched between two shcclr waves, An N-wave 
with amplitude and time scale typical of that predicted to occur 0x1 
the earth 's  surface under a sujj~ersonic transport flying at cruise 
altitude i s  shown in Figure I .  I , 
Figure 1. I Typical .rheoreticaPiy Predic ted  
Sonic  boon^ P re s su re  Profilc,  
In practice, however, ~xeasurernents  made on the ground durirng 
flight tes ts  indicate su'nsiantial elepartur es f rom the predicted wasre 
for.m, which occur in a rando-mc and ~npred ic tab le  fashion, NASA 
investigators (Ma,glieri et  al., P?.ef. 5 j  have docurneilted the results 
of sorne of the tests  aind hasre classified the wave fo rms  i i ~  three 
categories (Fig. 1 . 2  a) peaked, b) rounded9 and c )  normal, 
Figure 1.2. Typical Recorded Sonic Boom 
P r e s s u r e  Profiles.  
F o r  the purpose of studying the modifications of the N-wave, the 
interaction of a single shock with turbulence can be considered. 
Crow ( E k f .  2 )  f i r s t  formulated a single-scattering theory which 
explained many features of the flight-test observations. However, 
in some cases  documented by Maglieri, the r i se  time of the initial 
disturbance on the IV-wave i s  observed to be up to three o rde r s  of 
magnitude greater  than the shock thickness predicted by the Navier- 
Stokes equations. 
Several investigators have proposed theories  to explain these 
resul ts ,  Crow pointed out that second -order  scat ter ing theory 
contains shock thickening, and George and Plotkin (Ref. 6 )  developed 
a second-order perturbation scheme which led to a Burgers-type 
equation for  the wave structure, with the molecular viscosity 
replaced by a viscosity-like t e r m  depending on proper t ies  of the 
ea r th ' s  turbulent boundary layer.  P i e r ce  (Ref. 7)  suggested that 
the apparent r i s e  t imes  could be explained by geometrical effects, 
but his idea has  not been developed in any detail, He proposed 
that the peaked and rounded profiles measured in sonic boom 
experiments can be explained in t e rms  of fucusing and dcfocusing 
of the incident shock front. The increased r i s e  t ime of the initia.1 
disturbance i s  a c c o u ~ t e d  for  by the occurrence of multiple fclded 
wave fronts.  
Ffowcs Williams and Howe (Ref. 8)  introduced a statistical 
argument to show that the shoclc thickness predicted by George and 
Plotkin i s  an irrelevant  upper bound and i s  a resul t  of the apparent 
mean  diffusion irlduced by random convection of a sharp  wave front 
around i t s  nominal position. Furthermore, they conclude that 
turbulence cannot be responsible for the observed shock thiclines s, 
and that a wave-front-folding mechanism i s  too slow to be effective 
in  the pract ical  sonic boom situation, They propose that the 
observed change in shock structure i s  caused by vibrational relax-  
ation effects of oxygen and nitrogen in the ear th ' s  boundary layer. 
The relaxation frequencies 01 these gases a r e  strongly dependent 
on the water vapor content in the a i r  (Hodgson, Ref, 9), and, 
unfortunately, this quantity i s  not routinely measured during flight 
tests.  
This investigation was designed to provide additior1a.l infor- 
mation of the propagation of weak shock waves through a random 
medium, For  this purpose a classical scattering configuration is  
chosen and waves scatter  from random variations of acoustical 
impedance and index of refraction (defined a s  the ratio of the sound 
speed in a i r  t o  the local, variable sound speed in the scattering 
medium) which occur during the turbulent mixing of the two dif- 
ferent gases. In this experiment, the scattering is principally 
f rom density fluctuations, and the contributions from the turbulence 
to the index of refraction a r e  small. The scale and amplitude of 
the fluctuations before interaction with the shock wa-~cs a r e  ohtailled 
f rom optical and point density measurements; the method of Uberoi 
and Kovasznay (Ref. 10)  has been used to obtain length scales of 
the flow from shadowgraph and schlieren pictures, and the Brown- 
Rebollo (Ref. 11) density probe i s  used to measure local. mean and 
r m s  density fluctrlations and space-. and cross  -correlation functions. 
To s k d y  the interaction of the shock with the turbulecce, 
spark shadowgraph and schlieren pictures have been taken and 
pressure  measurements have been made. Arrays of pressure  
transducers located in a false endwall downstream of the scattering 
volume record the shock front topography and the spatial variation 
of shock arnylitude. 
P. 2 Research Goals 
------ 
The resea,rcl-, efforts were concentrated around the following 
objectives: 
1. To measure  the scattered wave field azld in partlculzr 
i t s  dependence on the strength of the incident vir,zve and 
the statistical properties of the scattering medium; 
2.  To investigate the n~odf ications, i f  any, of the: randcrl~ 
medium due to the p~spagai ing shock\~ave;  and 
3 ,  To determine the infh~ence of nonlinear effects  or^ f i e  
interaction process, 
The current  investigation was not designed to model a specific 
technical application, The ainr of this scientific eenc'leavor ha s been 
to provide unan~biguous results under c a r e f ~ ~ l l y  controlled Pa bo~atory  
conditions. 'ffhese results niay' poilit the w a y  ta: a better physical 
u n d e r  standing of this d; i'fieult interaction phenomenon, 
11. DESIGN OF THE EXPERIMENT 
2. 1 Objectives 
To study the propagation of weak shock waves through a 
random medium, a classical scattering configuration is chosen. The 
.?, 
shock waves a r e  generated in the GALCIT-" 17-inch diameter shock 
tube. The random medium is produced in the turbulent mixer 
which is  mounted a t  the end of the shock tube. Following a r e  the 
design cri teria for  this apparatus: 
1. To achieve within a 27 cm cube of gas a randomly vary- 
ing acoustical index of refraction (ratio of the speed of sound in a i r  
a t  standard conditions to the local speed of sound), 
2, To maxirnize the random perturbations of sound speed 
while still  maintaining overall statistical homogeneity and isotropy, 
3, To inser t  the nonuniform rnedium between regions of 
quiescent test- section fluid, 
4. To match the mean acoustic impedance and the mea-n, 
density of the interface between the gas in the test  section and in 
the turbulent mixer, 
5. To accommodate optical. diagnostic tools such a s  
schlieren and shadowgraph photography, and 
6. To insure repeatability of mechanical functions within 
0.5%. 
- 
.I, 
---- 
-6- Graduate Aeronautical Laboratories, California Institute of Technology 
2. 2 Turbulent Mixer --- 
2. 2, 1 General Descriptiorl - - 
The turbulent mixer ,  mounted a t  the end of the 17-inch 
shock tube, generates a rec tangi~lar  volume of incompletely 
~ n i y c d  gas (F igs .  A.  I anti A .  2). The appai-atus consists of 
an a r r a y  of fine jets alter~;rtejly of helium an6 frcolz- 12 b;s!tirrd 
coarse  grids located on opposite s i d e s  of 2 box. The g r i d s  a r e  
rapidly retrsctec? f l~ t sh  with ths side walls before the shoc..k t u b e  is  
fired. The other two side walls a r e  fitted xrrith. optical ~ ~ ~ i . n d o w s  for 
diagnostics. 'The vert ical  upstream and downstrea TI walls of the 
box are  fitted with shutters  which can be opened rapidly just before 
shock arrivzl. This process  i s  aimf.~rnated, slid the a r r iva l  time of 
the shock relative t o  the decay time of the turbulent density field 
can be varied. The gas  rriixttzre is  silarie neutrally buoyant s o  thzt 
the mean interface between t!ie scatteriqg regjon and the mi form 
g ~ t s  ir, the shoclr tube remains paral lel  to the pParre of the incorning 
2. 2 .2  Refractive Index Fiuctuations 
----- -..,.------- - 
The speed of p~opagat ion of a sound tvn-irc in s gas deperrdo 
an the thersnodynsrnic propert ics  and the ~nac roscop i c  convection 
velocity, -iTs of the rnedium, i. e. , 
where y . 8  the ratio of the specific heats ,  R the rz~ivctrsal ga s  
0 
constant, 1CI the rno1.ecular weight, and T the a bs elute tesnpc ratuye. \v 
Therefore, in principle a t  least ,  acoustical index of refracticjn 
fluctuations may be generated by varying the temperature, velocity, 
or density of the fluid. 
In this experiment, a mixture of gases was used for two 
reasons: 
1. By randomly mixing two gases with a largely different 
molecular weight and structure,  the acoustical index of 
refraction fluctuation could be maximized; and 
2. The turbulent mixing process could be easily observed 
optically. 
To exclude modification or scattering of the shock wave due 
to large-scale variations of the mean index of refraction, the 
average sound speed of the binary mixture rnust match the sound 
speed of a i r  in the test  section of the shoc1.r tube. Furthermore, 
by matching in addition the mean density, the interface between the 
turbulence region and the quiescent fluid is ,  on the average, parallel 
to the plane of the incoming shock wave. Consequently the mean 
acoustic impedance is matched as  well, which minimizes the gen- 
eration of reflected waves. Detaiis of this calculation a r e  left to s 
disc.ussion in Appendix A 2. 
F rom al l  possible solutions, a mixture of 80% He by volz~me 
and 20% Freon-12 ( C  CA2 F2: dichlorodifluoro methane) was chosen. 
The two gases have largely different densities and speeds of sound 
and a r e  readily available commercially. Furthermore,  they a r e  
chemically inert  and exhibit no vibrational relaxation effects for 
times la rger  than 1 p.sec, the resolution of the pressure  transducers 
used in this experiment. Theoret ical  studies s e e m  to indicate that 
the shock-wave s t ruc ture  of the sonic boom i s  perhaps partially 
determined by vibrational relaxation effects of nitrogen and oxygen 
in the ea r th ' s  a tmospherq but in the current  investigation this effect 
is excluded. 
2. 2. 3 Flow Control Sys tem 
A schematic  of the flow control sys tem is shown in figure 
A. 7. Standard purity, gaseous helium is s tored  in four gas cylin- 
d e r s  fo r  a total capacity of 23 standard cubic me te r s .  Four  
Matheson A - 9  regulators  reduce the cylinder p r e s s u r e  to  the r e -  
quired working level. The gas is conveyed f r o m  the cylinders to  
two plenum chambers  via two 2. 5 nl long and 1. 25 c m  diameter  
copper pipe systems.  F r o m  the plenum chamber,  the helium is 
injected into the mixing zone through 28 jets in the sidewall of the 
shock tube. J u s t  ups t ream of the plenunl chambers ,  each supply 
l ine contains two contoured nozzles in parallel ,  The flow in the 
throat  is sonic under steady state  running condi.tions. Therefore,  
the Row ra te  through the jets is solely controlled by the p r e s s u r e  
ups t ream of the nozzles (assuming constant room temperature) .  
Freon-12 i s  s tored in a cylinder a s  a liquid under i t s  own 
vapor p r e s s u r e  fo r  a total  capacity of 18 s tandard cubic m e t e r s  of 
gas. In the gas phase, i t  i s  kept in a 117 c m  section of the 17- 
inch shock tube which ac t s  a s  a s torage and supply reservoi r .  
F r o m  h e r e  the freon-12 passes  through a pipe sys tem s imi la r  to 
that for  the helium to the two plenum chambers .  Each chamber 
i s  connected to 2 8  jets through an equal number of # 4. 8 mrn pipes 
which run througl.1 the  helium rese rvo i r s .  The 56 helium and 
freon-12 jets in each sidewall a r e  a r ranged  in a checkerboard con- 
figuratio~z, The gas supply to  these jets i s  ii^npulsfvely s ta r ted  and 
stopped by fa s t  acting solenoid valves just upskr-ear? of the two con-  
toured nozzles. Inside the mixing zoxs, gr ids  can b e  r e t r ac ted  
f l ush  with the sidewall allti in doing s o  cover u p  the jets a o e x g l a i ~ e d  
in Section 2. 2. 4. 
2, 2 .4  The Gr ids  
The purpose of the g-rids is twofold: 
1 .  To cover  the jets in the retracted position. The f ~ o n t  
sur face  of the g r id  then fal ls  f lush with the sidewall, 
which minimizes diffraction effects on the shock waxre, 
isotropic turbulent drnoi t-)~ flezcku a t '  10n3, 
During the  design phase s f  the project,  extensive docu~nentation or, 
gr id turbulence was consulte-:ij (13atct1elor, Ref. 5 ), An a result- ol 
t h i s  effort, the mesh.c\iidtki .fvl =. 3. 2 ex12 was chosen lo  i-r~a:ri;-nizc. t h e  
density flacl;uations, yet keep the integral  scale small coinpared 
wTth the size of the rectangular shock tube teat section ( 2 6 .  6 cm x 
26. 6 crn). The solidity of the grid,  that i s  the ratio of the closed 
a r e a  t o  the total a r e a ,  was designed to be 0. 75. It was a l so  
thnug'r~t important to  zvoid head-on collision of the j e t s  on opposite 
sitlzs of the box. Therefore,  the gr ids  were horizontally a n d  
vertically offset by M / 2  = 1. 6 cm. 
The sidewalls col~taining the gr ids  in the r e t ~ a c t c d  posjtion 
were rnade of A1-2024, A groove pattern was machined in each 
wall using an endmill specifically designed for this purpose (see 
Appendix A 1 ). At each intersection a d 3. 2 m m  hole was drilled, 
for a total of seven rows and eight columns, The sidewalls were 
then used a s  a rrlold for the grids themselves. F i r s t  a support 
core was constructed consisting of A1-2024 bars ,  with a cross 
section of 10, 2 x 4. 8 mm. This structure was positioned 2. 5 mm 
from the bottom of the grooves before the turbulent mixer was 
assembled. With the mold in the horizontal position, the grooves 
were then filled with a 50% mixture, by weight, of G E  RTV-631 and 
RTV-632 rubber to a depth of 5 mm. The rubber is bonded to the 
aluminum core by GI3 pr imer  SS 4155. 
The remaining empty volume of the grooves was filled with 
Emerson & Cu~nmings stycast FT4150. The aluminum oxide im- 
pregnated epoxy was selected to match the A1-2024 coefficient of 
thermal expans ion. Subsequently, the sidewalls containing the grids 
in the retracted position were grorcxd to the proper thickness t,o 
remove excess stycast. The discussion of the drive rr~echanism for 
the grids i s  p ~ e s e n t e d  in Appendix A3. 
The gas injected into the mixirig zone is  exhausted into the 
atmosphere via removable walls, hereafter referred to a s  shutters. 
2. 2. 5 The Shutters 
The purpose of the shutters is  to separate the turbulence 
region from the quiescent a i r  in the shock tube test section. This 
i s  accomplished by a device very much like a camera shutter. 
Both shutters contain four blades each, Each blade consists of two 
parallel plates with a cavity sandwiched between. The cavity is  
connected to the scattering medium through 14 4 3, 2 m m  holen. 
The plate adjacent to the shock tube test gas is so1i.d. The shutter 
blades exhaust to the atrnospllere t h~ough  a d 1 .  25 cm exhaust lir~e. 
The shock tube test sectioll a n d  the turbulent rnising volurrle a re  
both a t  atwlosphe~ic pressure  after the jets a r e  turned o1f. 
Each blade rcitates arounc?. a pivot poiat. A f t e r  a 45 degree 
tu rn  from the closed configuration, the diagonal side of each biadc 
>I: 
coincides with the sEioek tube sidev~all, The four blades of each 
shutter a re linked together by a 1, 25 crn wide and 0. 5 ram thick 
steel band (see Appendix A l ) .  A four-linkage ri~echanianl connects 
t h e  shutter blades to  a high-pressure air-driven linear actuator, 
(IJynan~atioe DM 35) which drivcs the as  eembly, The Ic i~ re rnz  Lice uf 
this system insures a 45 degree rotation of the blades with zepo 
angular velocity a t  the elld of the p ic ton  stroke ( s e e  Appendi.7: A4 f ,  
This arrangerneqt prevents the f o u r  blades from colllcling with each 
other with any appreciable aragilfar rnonlentum, The shutter opcning 
time can be adjusted by varyi~lg the upstream pyessure i n  the drive 
cylinders a s  well a s  monitoring the exhaust gas  f iow rate. The 
shctters  a r e  closer1 by reversing the flow direction through the 
actuators. 
2. 2. 6 The Optical -- VTil~dows 
The top and bottorri horizontal sidewalls of the mixing region 
a r e  fitted with optical x:rindov~s for diagnostics ( 6  1 5. 2 ern diameter 
and 3, 2 crn thick BE:-7 schlieren quality glass). Care was taken to 
'  his principle tvas Geveloped a.ccordi ng to a suggestion from Prof. 
Donald Coles. 
adjust the two plates parallel in order to avoid ghost images due to 
multiple reflections between the plates. The windows can be located 
a t  four stations in the mixing zone sidewall (as indicated in Appendix 
A l )  a s  well a s  upstream and downstream of the shutters. 
2. 2. 7 The Cookie-Cutter 
The cookie-cutter was designed to facilitate the transition 
from a circular  cross  section to a square one. The upstream edges 
a r e  wedges with a 1 2  degree tip angle. The length of the tube, 
which i s  122 cm, determines the test time of the experiment. In 
the Mach number range Ms = 1. 007 to MS = 1. 1, this configilr~tion 
assures  that the reflected shock wave from the endwall of the 17- 
inch shock tube and the reflected wave from the endwall of the 
turbulent mixer meet upstream of the nonuniform gzs mixture. The 
test time i s  then defined a s  the period in which the shock wave 
travels twice the dista.nce from this meeting point to the endwall of 
the turbulent mixer. 
2. 2. 8 Shock Tube Firing Mechanism -
The firing mechanism of the CALCIrT 17-inch shock tube had 
to be modified to permit automatic o p e r a t i ~ n  (details of the modifi- 
cations a r e  discussed in Appendix A 5 ) .  The manual procedure 
previously used i s  well documented (Liepmann, et al. Ref. 13)  and 
briefly summarized here. 
The driver section i s  slowly pressurized. The diaphragm, 
which is  clamped around the perimeter, deflects against a, set  of 
crossed straight knife blades. The shock tube f i res  when the 
membrane ruptures. 
In the current  experiments, the driver can be pressurized a t  
an adjustable rate for  a preset  period of time. The knife blades 
a r e  made movable a s  well. Now the firing procedure has been 
altered to the following: 
Before a run is started, the driver pressure is  preset  to 
0. 014 a tm below the bursting pressure.  Then a t  a predetermined 
time in the experimental procedure (see  Section 2. 4) the driver 
pressure  is  monotonically increased a t  a rate of approximately 
0. 06 a tm/sec  until the diaphragm fractures. Furthermore, the 
firing time of the weakest shocks, Ms = 1. 007, can be controlled 
by injecting the knife blades into the imembrane (0. 012'7 mm thick 
mylar). The timing of the knife blade motion a s  well as  the posi- 
tion with respect to the undeflected membrane was found to be very 
crucial. When the driver pressure  is  too low the shocks do cot 
reach their equilibrium state before the end of the test section. 
On the other hand, i f  the knife blades a r e  injected into the dia- 
phragm when the driver pressure  is l e s s  than 0. 001 atm below the 
bursting pressure ,  the arr ival  time of the shocks a t  the mixing 
zone becomes errat ic.  The knife blades were therefore displac2d 
when the driver pressure  was appruximate1.y 0. 003, atm below the 
bursting pressure.  Furthermore, the knife blades should be located 
a s  close a s  is  convenient to the diaphragm, yet be far  enough away 
to insure a sufficiently high firing pressure.  
2. 3 Electronic Control System for the Turbulent Mi-xer 
2. 3. 1 - Objectives 
Follotving a r e  the required operating characteristics of the 
electronic control sys tem (ECS): 
1. To control the mechanical functions of the turbulent 
mixe r ,  e i ther  in  p repr  ogrammed o rde r  o r  independently of each 
other;  
2. To f i r e  the GALCIT 17-inch shock tube automatically; 
3 .  To supply the BETA signal ( see  Section 4. 2. 1)  to the 
Analog-to-Digital Convertor for  ccmputer  controlled data zccjuisitioil; 
4. To generate  a general purpose T T L  compatible t r igger  
signal; 
5. To generate  a timing signal for  the spa rk  gap contra1 
circui t ry;  
6 .  To prevent actions which may destroy elements of the 
turbulent mixer ,  In particlJ.ar, the shock tube should neither bc 
f i r ed  with the shut te rs  closed nor  ga s  injected into the mixing zone 
with the grids  retracted;  
7. To provide an  option to bypass the safety checks; and 
8. To optimize noise immunity under 'I"I'L operat i~ig condi- 
tions axid to m e a s u r e  repeatability of the output signals within 0. 5%. 
2. 3.  2 -- Description of the Elect-sonic Circui try 
-
The electronic corltrol center ,  a s  indicated in Appendix A6,  
consis ts  of nine channels which, control. the following functions: 
1. the sparkgap, 
2. the BETA signal,  
3 .  a genera l  purpose t r igger  signal, 
4. the motion of grid 1, 
5. the motion of grid 2, 
6. the gas flow through the helium and freon- 12 supply lines, 
7. the motion of the shutters, 
8. the flow into the driver section of the 17-inch shock 
tube, ar,d 
9, the motion of the knife blades. 
Most channels consist of three basic elements: a delay, a 
t imer,  and an open collector inverter (see Appendix A 6 ). The 
delay and t imer a r e  SN 74121 monostable vibrators. An input 
trigger signal can be either delayed or transmitted directly to the 
timer. The t imer  output a s  well a s  the delay a r e  adjustable in 
length. The t imer signal then passes through an open collector 
inverter before it  is conveyed to the output device. Two 01. more  
inverters connected in parallel a r e  used a s  a logic comparator. 
All inputs have to be in the same (logical 0) state before a signal 
is transmitted to the common output line. This feature is  used to 
check the status of elements in the turbulent mixer before executing 
the function of that particular channel. 
The principle of operation can best be explained by con- 
sidering Figure A. 14. The main switch, when flipped 
from the reset  to s ta r t  position, causes the grids to move away 
from the sidewalls. This i s  accomplished by a high-to-low transi- 
tion (logical 1 to 0) from the solid state bounceless switch which is  
connected to the main toggle switch. This trigger then changes the 
status of the D-type flip-flop,and the inverter signal i s  amplified by 
the current amplifier whose output energizes the normally closed 
solenoid valves in the supply lines to the grid drive mechanisni 
(see Appendix A3). At the end of the translation, two limit- 
switches signal the position of the grids to the control unit. Then, 
in the check mode with the safety checks operational, the trigger 
signal i s  conveyed to a l l  channels except 8 and 9. 
Thereafter,  each channel executes its operation according t o  
the status of the toggle switcl~es and the values of the variable 
resistors which determine the duration of the delay and tjmer 
signals (see  Appendix A 6 ) .  The on--off switches in al l  output lines 
conveniently offer the option whether or not to transmit  the com- 
mand signals to the output devices. After the grids re t ract  and 
the shutters open, the 'limit switches indicate their positions to tlie 
control center. A trigger pulse i s  then transmitted to channel 8 
to pressurize the driver and move the linife blades, if desired. In 
the check mode, the shutters must be f i r s t  closed and then opened 
before the shock tube will fire. 111 the bypass mode, no checks a r e  
performed on the status of the sh-t:tters or grids. Then the main- 
switch trigger signal is immediate1.y transmitted to channel 8 after 
the grids have moved a w a y  from the sidewall. Under n o  circa=- 
stances, however, can gas be injected into the mixing zojne when 
the grids cover the jets. The input to the open collector inverter 
i s  then high, thus preventing the t imer signal from being transmit- 
ted. The knife blades cannot be moved unless the drive?: is being 
pressurized. 
Solid state relays (TePedyne Relay 601 -1401) 'were used when- 
ever a 115 v AC had to be switched. This avoids electro&agnetic 
noise and spikes in the common 115 v power lines usually associated 
with mechanical relays. Noise immunity f rom external s ources is  
further enhanced by connecting all  switching lines in the TTL logic 
circuits to + 5 v, using a differentiating circuit. The high or 
logical 1 output level i s  thereby raised from 3. 3 v to 5 v increasing 
the noise immunity f rom 2. 5 v to 4. 2 v fo r  a negative pulse gcing 
from high to low (logical 1 to logical 0). 
2. 3. 3 Performance 
All delays and t imers were accurate and repeatable to at 
least  2 msec  per 2000 msec or 0. 1%. Thermal stability was 
better than 0. 1% after the unit was turned on far  half an hour. The 
noise immunity and the use of solid state relays made the electronic 
control unit perform excellently i n  a potentially noisy environment, 
i, e. , a high voltage spark source switching 4. 5 kv across  the 
electrodes and 115 v A C  solenoid valves opening and closing. 
2. 4 Experimental Procedure 
A standard run is  characterized by the following sequence of 
events : 
1 .  The shock tube is  purged of gases o t h e r  than room air ;  
2. The shutters a r e  closed; 
3.  The diaphragm is clamped in a mounti.ng ring and 
inserted into the shock tube; 
4. The driver is  pressurized to 0. 014 atrn below the 
bursting pressuye; 
5. The main switch on the control center i s  switched Irom 
the reset  to s ta r t  positi.on; 
6. The grids t ranslate  from the re t rac ted  position 1. 14 cm 
toward the center  of the turbulent mixer .  The end of the strolce 
signifies t ime t = 0; 
7. The normally closed solenoid valves in the supply l ines 
to the plenum chambers open f o r  1500 msec;  
8. The grids s t a r t  to r e t r ac t  a t  t = 1300 msec;  
9. The gas flow i s  turned off a t  t = 1500 msec;  
10. The shutters  a r e  opened a t  t = 1600 msec ;  
11. The shock tube is f i red  a t  the des i red  t ime in the decay 
process  of the density fluctuations; and 
12. The spark  gap is flashed when the shock wave a r r i v e s  
a t  the center  of the optical windows. 
2. 5 Performance of the Experimental Facili ty 
---.---- --, 
The turbulent mixer  performed extremely sat isfactori ly and 
within the design cr i te r ia  during the course of the experiments.  
Under normal  operating eonditions, a s  described in Appendix A 7 ,  
the shutters  open in 200 m s e c  f 0. 570 and the grids t ranslate  1. 14 
c m  in and out of the sidewall in 400 m s e c  C 0. 5%. The t ime re-  
quired to activate the solenoid valves in the gas supply lines i s  4-8 
m s e c  according to  the  manufacture?^ spec i f i ca t io~s .  Each valve 
was found to be repeatable within 1 msec .  The variation in 
a r r i v a l  t ime of the weakest shock waves, M = 1. 007, a t  the mixing 
9 
zone was very  smal l ,  l e s s  than 5 m s e c  in 2000 m s e c  for  2 typical 
se r i e s  of runs. The knife blades, which a r e  injected into the dia- 
phragm, a r e  m a i ~ l y  responsible f o r  this accilrate timing mechanism. 
The stranger shock waves callnot be fired so acc~rrately in time. 
The knife blades a r e  stationary for the M = 5 .  03 and M = 3 . .  1 
9 6 
shocks, Theref ore, vzriations iri the properties of the diaphragm 
material and, f o r  mylar,  humidity and temperature conditiolis in 
the lahoratcsry inf lue~ce the exact firing time of the shock tube. 
F o r  r,-ixns made the same day, rzpeatabil i~y of the firing mechanism 
was acceptable within Ihe design cri teria.  From one day t o  the 
nexf, "L~le delay in channe l8  had t o  be adjustecl t o  conlpeas,zte f o r  
changing peripheral c orrditio~s, 'The shocl-, wave s trcngth in all 
three cases,  however, w a  s very repeatable, typic all^- better. t-han 
1% in the Mach nl~n-ilsar. 
Tlre fluid rnechavlical propertics of the tur'xd.ernt mixer a re  
discussed in Chapter V. H e r  it SLI-ffices t o  say that the overall 
performance of fie experirnenial facilities jus tifie:+ ensemble: 
ave~aging  to obtain stati;.i:icaP aniormation regayding the intel*actior\ 
process between the shock wave an<i  the scattering r-rrcdinr~~.  
111 INSTRUMENTATION 
3 .  1 Scope 
The instruments,  which a r e  described in this chapter,  tirere 
used to meet  the following objectives: 
1. To characterize the scattering rnedium in the absence of 
a shock wave, 
2. To investigate the modifications, i f  any, of the random 
field due to the interaction with the shock wave, and 
3. T o  measure  the scat tered wave field. 
The scattering medium was characterized using point density 
measurements,  and optical techniques. Two aspirating density 
probes, a s  described in Section 3.  2,  were  used to calculate nlegn 
values and r m s  fluctuations, a s  well a s  space- correlation functions 
and space-time correlations. Characteris t ic  length scales in the 
density field could a lso  be obtained f rom schlieren,shadowgraph and 
Four ier  t ransform photographs, a s  explained in Sections 3. 3 and 
4. 3. Fur thermore ,  with the shock photographed in the center of 
the observation window, the scattering medium could be analyzed in 
front a s  well a s  behind the wave. The density probe was not suit- 
able for  this purpose because the tes t  t ime,  in the prescnt  experi- 
ment,  i s  short  compared with a l l  but the highest frequencies in the 
fluctuating density field. 
Statistical information regarding the scat tered wave field was 
acquired using piezoelectric p ressure  t ransducers .  
3 .  2 Aspirating Density Probe 
An improved version of the Brown-Rebollo (Ref. 11) density 
probe was built and used to measure  local point densities. A Standard 
constant-temperature hot-wire circuit ,  designed and built a t  Caltech 
-7. .v, 4. 
by Drs.  Anthony p e r r y T  and Brian J, cant well""'^, was used to 
operate the hot wire in the probe. The response of the hot wire 
to a square-wave input indicates a wire frequency resolution of 100 
kHz. Konrad (Ref. l4), using a s imilar  density probe, found that 
the frequency response of the probe was a t  l eas t  45 kHz, 
In the present  application the spatial resolution i s  a mat ter  
of definition. There i s  no appreciable mean flow over the probe, 
although the instantaneous flow velocity may reach 1 - 2  m / sec .  
Therefore, the spatial resolution i s  arb i t rar i ly  defined a s  the radius 
of a spherical  sampling volume on which surface the in-flow velocity 
i s  equal to 1 m/sec .  The m a s s  flux through this surface  co r r e s -  
ponds to the sink strength of the sonic throat on the tip of the 
density probe. Based on this definition, the spatial resolution i s  
0. 2 rnrrl. A detailed account of the density probe cons t r~c t i on  and 
response est imates is given in Appendix Bl.  
3. 3 Optical Measurements 
- 
3. 3 .  1 Optical P rocessor  
-- 
The propert ies  of the optical appara.tus used in these experi- 
ments can probably be best explained by describing a general form 
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of optical processor in terms which will be useful in subsequent 
sections. This system consists of two double convex lenses which 
image a point light source f rom the focal plane of the f i rs t  lens 
onto the back focal plane of the second one, which can be referred 
to a s  the optical Fourier transform (OFT) plane (cf. Fig. 3. 1). 
Fo r  the purpose of describing the sys tem, without sacrificing the 
essential physics in the problem, the discussion will be restricted 
here  to monochromatic so.urces. In principle, the results can be 
extended to polychromatic radiation, but the mathematics describing 
the setup becomes considerably more involved. 
1 I1 I11 IV v 
Figure 3. 1 Schematic of an Optical Processor  
Consider the geometry of Figure 3. 1 with a rectangular co- 
ordinate sys tem (x, y), (u, v),  (r ,  s )  and (p, q )  attached to the planes 
I, 11, 111 and IV, respectively. The object, located a distance d 1 
in front of the lens, i s  illuminated by a normally incident plane 
wzve of unit amplitude. The transmittance of the object is denoted 
by E (x ,y) ,  where the harmonic phase factor e -iW t I is  omitted. In 
plane 111, the electric field amplitude can be computed (Goodman, 
Ref. 15) using diffraction theory and is  given by 
where P is  the pupil function for lens 2,  i. e. , 
pox!> D2/2. I y \>  ~ , / 2 )  = 0 and P(lxlg D2/2, l y l ~  IlZ/2) = 1. 
Applying this same formula again to propagate the field distribution 
from plane I11 to plane V, EV (xo, yo) is found to be 
k 
e x p l  - i - ( r x  o 4 s y  ) 
0 
where again P i s  the pupil function fo r  lens 3. In addition, if the 
camera focuses onto the object plane, then d l ,  d2, d3, F2 and F3 
a r e  related by using the lens law: 
Combining equations 3-1, 3-2 and 3 - 3 ,  EV (x yo) can be expressed 
0 ' 
in terms of E (x ,y)  and geometrical parameters. The result of I 
this calculation is  not of irnrnediate interest here,  but will be pre-  
sented fo r  the OFT plar,e photography in Section 4. 3. 3, while in 
3. 3. 2,  3. 3. 4 and 3. 3. 5, the above discussion will be used a s  a 
starting point for  the treatment of the modifications of this basic 
scheme, 
3 .3 .2  Schlieren System 
The schlieren system i s  identical to that of the optical pro- 
cessor  described in Section 3. 3.1, except that the frequency content 
of the signal in the OFT plane i s  al.tered. This i s  accomplished by 
inserting a knife blade into the focal spot or by blocking the low 
frequencies with a dot. A knife blade with the cutting edge oriented 
parallel to the s coordinate and passing through the origin changes 
the limits of integration in equation 3-2 to the following: 
A dot with radius R centered around the origin modifies equation 3-2 
to 
00 00 
E~ ixo. yo) = i 3  - ?)jx: + y : ) / j ~ ~ ~ ~ ~  ir, S J  
R K (3-5) 
yo exp - i - 
S t 2  ) [ ( r x o + s y ) d r d s  F3 F3 0 I 
where 2 r 2 +  s 2 . R .  
E q u a t i ~ n s  3-1 and 3-3 a r e  not a l tered a s  1on.g a s  it  i s  kept in mind 
that eqization 3- 1 is  valid an infinitesimal distance upstreanl of the 
stops. Just  behind these ob,structions equation 3 -1 i s  only applicable 
f o r  ei ther  r > 0, in case  of the knife blade, o r  rZ t s 2  > R~ for 
the dot with radius R. An account of the  schl ieren sys tem that was 
specifically designed and built for  this experiment i s  presented in 
A.ppendix B2. 
3 .  3. 3 Shadowgraph System 
This  method records  the shadows cas t  by the object onto a 
photographic plate. The camera  and second lens  a r e  replaced by a 
single photographic plate holder. The equattons, 3-1 - 3 - 3 ,  do nut 
descr ibe  this sys tem adequately. This configuration, however, bas 
been analyzed in some detail  by Taylor (Ref. 16),  for '  the 
case  of l ight propagating through turbulence. The schl ieren setup, 
as described in Appendix B2, can be easi ly modified into a shadow-. 
graph sys tem by inserting a f i lm plate holder between the object 
and the second lens.  
3. 3. 4 Optical Corre la tor  
Shadowgraph and schl ieren pictures  can be used to obtain 
space-correlat ion functions a s  f i r s t  described by Uberoi and 
K0vaszna.y (Ref. 10). The method consis ts  of making two 
identical. t ransparencies  of the original negative. The two copies 
a r e  then placed back to face in an  optical p rocessor  between the 
f i r s t  two lenses.  A photo detector is substituted fo r  the camera  
and i s  located in the OFT plane. The two t ransparencies  a r e  
matched, and the t ransmit ted intensity i s  measured  a s  s fcnction of 
the displacement away f rom this position. Using the assumption of 
homogeneous and isotropic turbulence, the correlat ion function of the 
three-dimensional density field can be recovered. 
The analysis for correlation functions obtained from 
schlieren pictures is  given by Thompson and Taylor (Ref. 17), using 
ray optics, and an account of the physical setup of the correlator 
i s  given in Appendix B3. 
3. 3 .  5 Optical Fourier Transform -- Photography 
Length scales of turbulence can also be obtained by position- 
ing the photographic film in the OFT plane of the optical processor. 
Then equation 3-1 describes the electr ic field distributiori from 
which the intensity can be computed using 
where the :: denotes complex conjugation. 
The analysis of the input response of the systern with a slab 
of turbulence located between the two lenses is  given in Section 
4. 3 .  3. As a result of that calculation, the size of the focal spot 
can be directly related to length scales in the scattering m e d i m .  
3.4 Pressure  Measurements 
3 . 4 . 1  Pres su re  Transducer - Mounts 
The Piezotronics PCB pressure  transducers were found to be 
very  susceptible to s t ress  waves when mounted according to the 
manufacturer's specifications. In the shock tube, s t ress  waves in 
the sidewal.1 associated with the rupturing of the diaphragm reach 
the pressure  gauges in the test section long before the shock waves 
do. Therefore, gauges would display an output signal ahead of the 
shock. This problem was especially severe for the snlallest 
transducer, the 2. 5 mm diameter P C B  Model 105A. A. solution was 
found by mounting the t ransducers  in a pltrg which is  i l lustrated in 
F igure  3.2. The cent ra l  b r a s s  cylincler contains the p r e s s u r e  gauge 
and is vibration isolated f r o m  the wall in which i t  i s  rnounted by a 
G.E. RTV 632 rubber  ring. Grooves in the sur faces  adjacent to 
the rubber,  a s  well  a s  sma l l  pins protruding out of the sidewall of 
the cent ra l  b r a s s  cylinder, insure that the t ransducer  remaitis in 
position under the p r e s s u r e  fo rces  f r o m  the shock wave. 
Seven t ransducers  were  used in the experirnent, A Kls t le r  
p r e s s u r e  gauge, model  606A, was mounted in the 17-.ji1ch shock tube 
nea r  the endwall. Just  ups t r eam of the mixing zone, a 2.5 rrlm 
PCB model 105A t ransducer  was located in the sidewall of the 
turbulent mixe r ,  using the above descr ibed mounting plug. Down- 
s t r e a m  of the scat ter ing region, three  P C B  113 A 21 gauges, one 
PCB 112 A 21, and one Kist ler  606A t ransducer  were  mounted in 
a movable fa l se  endwall a s  indicated in Figure 3.3. With the Kist ler  
gauge in the center ,  the P C B  t ransducers  w e r e  positioned 3.2 cm 
radially outward in a c r o s s  configuration. Four  $ 1.25 crn sta~zd- 
offs located the plate with r e spec t  to the downstream shut ter  and 
provided sufficient vibration isolation to negate the need for the 
rubber  isolation plugs. F o r  the purpose of measur ing  the sca t te red  
wave field, the t r ansduce r s  in the f a l se  endwall were  used, while 
the 2.5 mm P C B  gauge r eg i s t e red  the unperturbed incoming wave 
form.  The Kis t le r  s ensor  in the 17-inch shock tube sidewall y ro -  
vided the t r igger  pulse fo r  recording the p r e s s u r e  signals on 
oscil loscopes.  
3.5 Data Acquisition - System 
Short run times, typically 1.6 sec. for the ent ire  experiment 
f r o m  s t a r t  to finish, and the des i re  to reduce the density data on-. 
line required the use of a high-speed data acquisition system. The 
GALCIT mobile computer-controlled data acquisition system, called 
Solo System, was used for this purpose. The Pres ton  analog-tn- 
digital converter (ADC) i s  capable of taking data with a resolution 
4 
of 14 bits plus sign on 16 channels a t  a r a te  of 4x10 conversions 
5 pe r  second o r  5x10 conversions on a single channel. The Hewlett- 
Packard 2100 computer (32K memory)  wa;? used to acquire and reduce 
the data. Raw data, as well a s  reduced data, can be stored either 
on magnetic tape with a density of 1600 bits pe r  inch, using the 
Hewlett-Packard readJwrite 797OE magnetic tape deck, o r  on a 
Hewlett--Packard magnetic disc 7901A, Per iphera l  devices with the 
sys tem include a teletype and a Wewlett-Packard digital plotter 
7210A. 
IV,  DATA ACQUISITTON AND PROCESSING 
4. l Scope 
- 
Turbulence can oaly be described in s tat is t ical  t enns .  
Consequently, measurerncnts inust be averaged ovzr a large  number 
of realizations of the randorm field. Alternatively, when the crgoclic 
theorem is  applicable, t ime zveragi~lg  may be substituted for en- 
semble averaging. Unfortunately, in ahoc:k tu.he r e sea r ch  test t imes 
tend to be short. Therefore, emphasis has been placecl on rneaa - 
urement techniques which obtain and store a s  many daki a s  ar.e 
conveniently. possible pe r  run. In this context, photographic methods 
a r e  especially appealing because of their l a rge  space-bandwidth 
p coducts. Fur thermore ,  for the p~.lrpus e of studying the scatte ring 
mci-fiurn, the  space-averaging property of these systems can be used 
advan+:ageously, a s  explained in Section 4, 3. For the data areductiol? 
of the point density measurements ,  s cnmbinatictn of iirnc- aact 
ensemble averzging was applied. 
4, 2 Point Density bdeasurerc-ents 
L----"- --- -.-- 
4. 2. 9 Data Acquisition , - Procedure 
All data a r e  taken s f ~ r ~ u l t a ~ ~ e o u s l y  with t ~ ~ o  a s p i ~ a t i n g  density 
probes using a data a cqu i s i t i ~n  scheme described in Appeildix R4.  
The output of each hot-wire anemometer i s  connected to a diffe-ren- 
tial amplifier.  A DC offset is then subtracted f rom the probe out- 
put a n d  the difference signal i s  amplilied 10 times. After being 
f i l tered by a low-pass fil ter w i t l ~  a n  attenuation ra te  of 24 db per 
octave outside the pass band and a ilnity gain inside, the smplifieci 
signal is fed into the ADC of the Solo Systern. 
One of the features of the A.DC i s  that conversions take 
place under control of an  external clock. F o r  this experiment the 
clock signal is derived f rom a 20 kHz pulse t ra in  coining from a 
prese t  counter built into the Solo System. Based on this clock 
signal, data conversions take place on each channel a t  the rate  of 
one p e r  100 psec. Conversions can be prevented by a n  input to the 
ADC called BETA. If the BETA signal, which i s  derived from the 
electrorlic control system, is held false,  no conversions will occur 
independently of tlie s tatus sf the signal on the clock line. 
Data f rom the ADC a r e  processed in the computer by a 
For t ran  IV program. Input variables  to the program a r e  the n m h e r  
of records  per  tape file, the number of ADC, channels, and the 
identification word fo r  the run. An assembly-language suhroutille, 
written by Prof .  D. Coles, is used for  data acquisition. It uses 
two data buffers of 4096 words each. While the second data buffer 
is filling, the f i r s t  data buffer is being written onto magnetic tape, 
and s o  on. At the data r a t e  of 20,000 conversions pe r  second, no 
data a r e  Post while writing gaps between records .  The sequence of 
events comprising a typical run is now a s  follows: 
1. The shutters  a r e  closed af ter  the shock tube has been 
purged of foreign gas,  and the program is initiated by feeding data 
characterizing the run into the computer. BETA i s  held false,  and 
the preset-counter  clock i s  running. The electronic control system 
i s  switch-programmed for the desired sequence of events with the 
main switch in the r e s e t  position. 
2. After the run is s tar ted  by flipping the main switch into 
the run position, the gr ids  move away f r o m  the sidewall. At the 
end of the s t roke ,  BETA is made t rue  and conversion in the ADC 
takes place until the preprogrammed number of r ecords  a r e  written 
on tape. The program checks for  fo rmat  e r r o r s ,  i. e . ,  whether o r  
not a data block did end on l a s t  channel. No precautions a r e  taken 
to detect o r  c o r r e c t  par i ty  e r r o r s  when writing. 
3. At the end of the run, a f te r  the gas flow i s  turned off, 
the p rogram s t a r t s  processing the data. Resident in c o r e  i s  a cali-  
bration curve  of a nondimensionalized density probe output 
(Vmax - V P )I(Vmax m in - V ) a s  a function of the conceatration by 
volume of helium ( see  Appendix Bl ) .  V 
m a x  
and V 
min  a r e  the hot- 
wire  anemometer  output voltages f o r  helium and freon-12 respect-  
ively, and they were  measured  twice a day by filling the mixing 
zone with e i ther  pure  helium o r  freon-12. It  was found that these 
values did not change within the edxperimental accuracy  of the m e a s -  
urements  a s  long a s  the hot-wire s e t  was not turned off and the 
vacuum pump was not disconnected f rom the density probe. V 
P 
the output of the aspirat ing probe, is then t ransformed into a 
helium concentration. After  the data a r e  sor ted  into two hloclcs, one 
f o r  each probe, the reduced data a r e w r i t t e n  a s  a f i le  on tape. 
Each standard f i le  contains 1 6  records,  which corresponds to a 
data acquisition t ime of 3276 rnsec. Occasionally a. f i le contains 
24 records ,  fo r  instance during runs in which the shut ters  were  
not opened until t = 3600 msec .  These data a r e  used to  analyze 
the effect of the opening of the shut ters  on the turbulent mixing 
process  a s  discussed in Section 5. 3. 2. Finally,  eve ry  64th point 
out of each record is plotted. 
F o r  each run, the maximum and minimum data points a r e  
computed, a s  well a s  the extreme values in every record,  and then 
printed on the teletype. After a s e r i e s  of 16  good rupls is  com- 
pleted, the data a r e  further  manipulated by calculatii~g mean and 
r m s  values, a s  well a s  space-correlation coefficients and space- 
t ime correlations. Details of these calculations a r e  presented in 
Sections 4. 2. 2,  4.2. 3 and 4. 2.4. Before the f i r s t ,  and af ter  the 
l a s t  run of each day, al l  instruments a r e  calibrated. No data a r e  
taken until a l l  electronic circui try has reached thermal equilibrium. 
4. 2. 2 Computer Calculation of the Mean and r m s  Concent~ation 
--- --- 
Profiles.  
F o r  computation purposes, every reduced concentration data 
file containing q records of r words each i s  divided into k .I q r / p  
intervals. The mean i s  calculated pe r  interval and assemble 
averaged over N runs: 
- 
C = C. .  
i=l j=(k-1)p-t-l 13 
where c.. denotes the j-th data point in the i-th run. F o r  a 
1J 
standard run p = 256, and q = N = 16. Using the computed mean, 
the r m s  deviation i s  calculbted according to 
4. 2. 3 Computer Calculations of the Cross - and Space- Correlation 
- -- 
Functions 
Consider two fluctuating concentration signals c l l ( t )  and c ' ( t )  2 
with zero  mean, measured by two density probes which a r e  located 
a distance L cm apart. The signals a r e  digitized and stored in a 
discrete data file. Each file contains n data words separated by 
the sampling time At. The cross-correlat ion function of c ' ( t )  and 1 
c ' ( t )  for  a time lag 'r = Ant is  defined by 2 
where A i s  an  integer 1 2 A * n- 1 ,  
comb (At) = 6 (At - i )  
6 i s  the Dirac delta function, and 
, nAt (n-1) I t  - -  1.- 2 2 At 
rec t  (n-A) At 0 otherwise 
In the l imit  for  n 3  and At -0 ,  equation 4-3 approaches the 
mathematical definition of the cross-correlation function for two 
continuous signals. 
This calculation is  based on fluctuating signals with zero  
mean. The experimental data with nonzero mean a r e  therefore 
corrected by eliminating the low-frequency components. The mean 
value, which i s  calculated over 16 runs,  i s  subtacted from the data in 
each run, and the nondi~nensio~al ized cross-correlaticjn function i s  
37 
then computed using 
n- R 
and Q = 
where RAt i s  the time lag between the signals, and the brackets 
denote ensemble averaging, The space correlation R ( L ,  t )  i s  
obtained by computing R1 ,k (At) a s  a function of the separation L 
of the probes. The data used for  the computations a r e  the un- 
reduced density probe signals. It i s  assumed that the output of 
the aspirating probe is  linear with the concentration of helium. 
This assumption i s  justified for  fluctuations of l e s s  than 10  percent 
around the mean. The advantage of this scheme i s  that the result 
of the computations is no longer dependent on the precise calibra- 
tion curve for each probe. 
4. 3 O ~ t i c a l  Measurements 
4.3.1 Measurement of the Shadowgraph and Schlieren Picture 
-- 
Correlation Function 
t The schlieren and shadowgraph pictures a r e  taken with the 
optical system which is described in Section 3. 3. 3. The light 
source consists of a spark gap in an argon environment with a 0. 5 
mm output aperture and a flash duration of a few microseconds. 
The argon atmosphere i s  isolated from a i r  in the labo-ratory, which 
insures that the l m i n o u s  intensity i s  very constant from shot to 
shot. Its intensity is sufficient to expose Tri-X-Pan 12. 7 x 
17.8 cm film. Standard development procedures using Kodak D-19 
developer a r e  then applied to obtain the negative. In the shadow- 
graph method, the actual light distribution i s  recorded in full size, 
while in the schlieren configuration, the object is  reduced by a 
factor 2. 2. Fo r  use in the optical correlator,  which i s  described 
in Section 3. 3.4, two transparencies a r e  made of each shadowg~aph 
and schlieren negative that i s  processed. The copies a r e  obtained 
by illuminating the negatives with a collimated beam of white light 
from a point mercury  a r c  source and imaging the negative onto 
]LO x 12. 5 crn Kodak 4154 copy film. This film i s  processed im 
Kodak IIC 1 10 developer according to the manufacturer 's specifics - 
tions. The image i s  reduced to record the physical object at 1 /4  
scale. The slides thus obtained a r e  then placed back-to-face in  
the optical correlator,  and the transmitted light intensity is  meas- 
ured a s  a function of the relative displacement. 
4. 3.2 Calculation of the Microscale for the Density -- Field Using 
---.--------.I-* 
the Shadow~raph - Picture -- Correlation Function 
Uberoi and Kovasznay (Ref. 10 ) f i rs t  proposed the technique 
for obtaining three-dimensional space-correlation functions of a 
density field using two-dimensional space-correlation func t io~s  
acquired from shadowgraph pictu.res. Their method principally 
rel ies on the assumption of a statistically homogeneous and isotropic 
flow. F i r s t ,  the correlation function measured in the optical cor-  
relator has to be provided with an ordinate. The peak in the curve 
corresponds to perfect alignment of the two transparencies and is 
denoted by 1,  the normalized correlation caefficient. The position 
of the origin, which signifies zero correlation, cannot be directly 
measured. However, i t  can be shown (Ref. 1 0  j that the f i rs t  and 
third moments of the correlation function have to be zero for iso- 
tropic turbulence, if the light path through the medium i s  long 
compared with the integral scale 
where @ ( S )  is the measured picture correlation function, The 
correlation function for the flow can then be computed according to 
where po signifies the mean density, D denotes the thickness of 
the slab of turbulence, k i s  a constant associated with the photo- 
graphic process, d is the distance between the density field and the 
photographic plate, and r i s  the displacement over which the cor-  
relation function i s  computed. In many cases though, the sole 
purpose of the correlation function i s  the determination of scales 
of turbulence, For  tha.t purpose equation 4-8 does not hare to he 
computed. The integral scale L and the microscale, X p  can be P 
expressed immediately in t e rms  of @(r) from equation 4-8. 
a / f3 (5) ?i3 log S d5 
0 1, w 
0 / B ( 5 )  5' d 5  
F rom equation 4 -9  i t  can be seen that L depends principally on P 
the behavior of for large  values of 5; however, the correlation 
function is  the leas t  accurate there, mainly because the shadow- 
graph technique de-emphasizes the low wave n m b e r  contribution 
that determines E Therefore, it is to be expected that, using Q. 
this method, the microscale is  more accurately determined than 
the integral scale. Fo r  the purpose of studying the efT~fect of the 
shock wave on the turbulence, equations 4-9 and 4- 10 a r e  not uti- 
l.ized, but the halfwidth and the distance between the f i rs t  zero 
crossings of the central peak, the distance between the f i rs t  minima 
a s  well a s  the average period of the outside lobes in the shadow- 
graph correla,tion function a r e  used. 
4. 3. 3 Calculation of a Length Scale for the Density Field Using 
-- -. v. .---. 
Optical Fourier Transform -- Photography 
The equations, which a r e  presented in Section 3. 3. 1 to 
describe the properties of the optical processor,  a r e  based on dif- 
fraction theory. Using equation 3 - 1  a s  a starting point, the 
efiective radius of the focal spot in a system with a slab of 
turbulence present between the two lenses can be computed. This 
calculation, which i s  valid for square aperture pupil functions, i s  
lengthy. However, the wavelength of light i s  small  compared with 
the smallest scale in the turbulence, X << X and also 4;;; €< h P ' P ' 
where D i s  the thickness of the slab. Therefore, geometrical 
optics can be used a s  a valid approximation to diffraction theory. 
The calculation then becomes relatively simple and will be presented 
here, 
Figure 4. 1 Optical Setup for Fourier  
Transform Photography 
Consider the optical arrangement of figure 4. 1. The scattering 
medium i s  characterized by a fluctuating index of refraction 
n = 1 f y , where p << 1, and a space-correlation function N. The 
mean angle of deviation of a ray f rom its initial direction i s  denoted 
by 8. 
- 
0 = 4K1D (4-11) 
where K1 is  a constant (Chernov, Ref.. 1 ). In the case of iso- 
tropic scattering K1 takes on the value 
The mean radius of the focal spot in the presence of turbulence, 
Rturb' can now be computed sil-nply using 
Thus, by measuring -6 - 
- Rturb - Rnoturb9 the effcct of the scatter-  
ing medium on the imp~7llse response of the system can be evaluated. 
The scale L can be computed from equations 4-11, 4-12 and 4- 13 
P 
using an assumed shape for the correlation function N. 
4.4 P re s su re  Measurements 
4.4. 1 Data Acquisition Procedure 
A l l  pressure  signals a r e  displayed on oscilloscopes and 
recorded on Polaroid 667 Land Film, and a t  the beginning of each 
day a calibration run i s  made, 
Three different strength shock waves a r e  fired, Ms = 1. 007, 
Ms = 1. 03 and Ms = 1.1, and the pressure  transclucers in the f k l o e  
endv~all a r e  stationed a t  two locations, 6. 4 mm arld 22. 2 cm down- 
s t ream of the scattering medium. Fo r  the weakest waves, 16 runs 
for each location of the false endwall a r e  performed, while for  the 
strongest shocks 8 runs a r e  made. 
Before each ser ies  of runs the gas flow control system in 
the turbulent mixer is  checked and, if necessary,  fine tuning is  
done according to the procedure described in Section 5.2. 
4. 4. 2 Data Redtxctiolz Scheme for P re s su re  Signals in the Scattered 
--- 
Wave Field 
All pressure  data a r e  obtained from oscillograms, of which 
a schematic t race  and its important features is  shown in Zigure 4. 2. 
Figure 4,2 Schematic Pressure  Profile 
Fo r  each run, data from five transducers a r e  obtained and used to 
characterize the scattered wave field. A sixth t race  recorded the 
unperturbed incoming wave. The characteristic points in each 
signal a r e  indicated by the le t ters  a to d. The distance a -b  
denotes the a r r iva l  time of the wave front, measured from the 
point at which the three scopes a r e  triggered simultaneously. The 
r i se  time, At, of the shock is determined by that portion of abscissa 
which is  bounded by the intersection of the maximum slcpe s t  the 
wave front with line a -b  on the one end and the intersection with a 
vertical line through point c, the maximum shock pressure ,  on the 
other end. The distance on the ordinate between b and c signifies 
the shock pressure.  Sometimes a precursor  compression precedes 
the shock wave. In those cases point b i s  taken to be the bifurca- 
tion point of the tangent to the shock wave and the actual measured 
pressure  signature, as  shown in Flgure 4. 3 .  
Figure 4. 3 Wave Front Showing Precursor  
The arr ival  time in these cases is  measured based on the 
the distance a - bo. The peak pressure  of the signal i s  denoted 
by point d and its lag behind the front by the distance between the 
projections of points c and d on the time axis. The measured 
shock and peak pressures  a r e  normalized using the unperturbed 
shock strength. The shock wave topology i s  calculated by sub- 
tracting t the time between points a and b measured with the 
ab9 
gauge in the center of the false endwall, from the time t which 
ab  
is recorded on the other four gauges. At the beginning of each 
day, the settings of the turbulent mixer were adjusted s o  that this 
time difference Atab was zero for an unperturbed shock wa.ve. The 
mea s ~ r e  d Atab values for  each transducer a r e  ensemble averaged 
over either 16 runs for the M = 1. 007 and Ms = 1. 03 shocks, o r  
s 
8 runs for the Ms = 1.1 waves, and the r m s  fluctuations a r e  com- 
puted around this mean: 
where N denotes the population of the ensemble, t. the time dif- 
1 
ference At 
ab' and t the f i rs t  moment. 
In some insta,nces the pressure  profiles show an overshoot 
in the shock pressure  followed by an expansion a s  indicated in 
Figure 4.4. In these cases the width of the spikes At is measured 
s 
in addition to the above mentioned characteris tics. 
Figure 4.4 Schematic Pressure  Profile 
Showing a Peaked Wave Front 
V. CI3ARA CTERIZA TXON O F  TI-IE SCATTERING MEDIUM 
5 - 1  Scope 
F o r  the purpose of studying wave propagation through a 
random medium it may be helpful to consider the fluctuating density 
field a s  a random collection of i r regular ly  shaped convex and con- 
cave lenses.  Each 'lens is clescribed by a charac ter i s t ic  length 
and a n  index of refraction. The random nature of the rnediurfi does 
not permit  a detailed description based on individual elements,  but 
ra ther  a statistical description i s  necessary.  In this context space- 
correlation functions describe the possible range of length scales  in 
the turbulence, and r m s  density f1uc"lations charac ter ize  the rnagni- 
tude of the index of refraction variations. An aspirating deitsity 
probe i s  used to rneasure mean and r m s  fluctuations a t  different- 
stations in the flow in the absence of a shock wave. With a pair  
01 probes located a distance I_1 apar t ,  space- a s  well a s  c r o s s -  
correlation functions a. r e  obtained, 
Auxiliary ir)formation i~ acquired f rom shadowgraph, schl ieren,  
and Four ier - t ransform photograph-e, Both correlation functions a s  
well. a s  length sca les  a r e  dete-rmfncd by  processing the pictures as 
described in Section 4. 3. dn addition, the optical technicjues a r e  
utilized to describe the effect of the shock wave on the turbulence 
in t e r m s  of changes in length sca.1.e~ of the random medium. 
5. 2 Excerimental Procedure  for  Tuning the Flow Control Svste-m 
The mean density profiles, which a r e  measured  at  locations 
indicated in Figure  5.1, form the basis  for  tuning the flow control 
system of the t-urb~~l.ent mixer .  F i r s t ,  one probe i s  located i n  
front of each grid (positions 2 and 3 ). The average density is 
calculated over 5 runs, and the pressure regulator settings in the 
supply lines a r e  altered until both probes indicate the same mean 
concentration of helium to within * 1%. The instruments a r e  then 
removed, and a further test on the properties of the medium is 
performed by propagating a M - 1. 03 shock th,mugh the mixing 
s 
volume after  the turbulent density fluctuations have completely 
decayed. The regulator settings a r e  then adjusted until the recorded 
signals in the false endwall. indicate that the shock wave has not 
been modified. This is  a very stringent criterion. It verifies 
that the mean speed of sound i s  equal to that of a i r  in the shock 
tube, and, a t  the same time, it  substantiates that the mear, acoustic 
impedance of the mixture is matched to that of air.  111 addition to 
the density and shock wave measurements, shadowgraph pictures 
a r e  taken to qualitatively judge the statistical homogerleity and 
isotropy of the flow field. After the turbulent mixer is fine tuucd, 
no further changes a r e  ma2e i n  the flow control parameters,  and 
al l  measurenlents a r e  performed on sirnilsr realizations of the 
scatteeing medium. 
5. 3 Results 
-- 
5. 3. 1 Mean and rms  Density Profiles 
The purpose of the mean density measurements is  to study 
the mixing process and to verify freedom from horizontal or 
vertical stratification. Vertical strata can result frorn bu~yaacy  
effects, as  a result of the large difference in molecular weight of 
the two gases. StratiIication in a horizontal plane can be caused 
by injecting different quantities of helium and freon-12 through the 
/ 
grids. 
The important features of the mean density profiles a r e  
shown in  F igure  5.2. The upper t race  represents  the mean concen- 
tration of helium by volume, while the bottom graph denotes the 
r m s  fluctuations a s  a function of time. At time t = 0, the jets a r e  
turned on for  1500 msec ,  a s  indicated by the tick 1-nark to the left 
of the t. = 1600 rnsec marker ,  while a t  t = 1600 msec ,  the shut- 
t e r s  a r e  closed. The shock is fired a t  approximately t = 1940 
msec.  
The triangles represent  data obtained with two different 
probes, which were  spaced a distance L = 1. 09 c m  apart ,  and 
located a t  measuring s t a t ~ a n  2 a t  a te ight  of 13, 3 c:n above thc 
bottom wall (see Fig. 5.1). The c i rc les  represent  measurements 
which were  acquired a t  position 1 ,  6. 7 c-m above the lower wall. 
The important characteris t ics  of the rilean profiles can be 
explained a s  follows: Initially, the probe samp1.e.s a i r  in the test  
section, and the output; voltage of the hot-wire anemo~i9eter has a 
value between the signal f o r  pure helium and pure freon-12. Howeirer 
since the instrument i s  only calibrated for a binary gas mixture, 
the probe cannot distinguish air  f rom a mixture of 5070 helizim and 
5070 freon- 12, which wculd produce the same voltage output. The 
beginning portion of the curve does nof: represent  the true helium 
concentration and should only be interpreted a s  an indication of the 
ra te  a t  wbi.cl.1 the a i r  is  fl~xshed out of the mixing zone, F rom the 
graph it is clear that the steady-state concentration level i s  reached 
much ear l ier  near the grids than in the middle of the box. This is  
not surprising because the center is a stagnation region, and the 
motion of the fluid particles in this vicinity i s  slower than for the 
gas elsewhere. Based on the flow rate through the supply lines, it  
i s  estimated that an amount of gas, equal to four times the volurne 
of the mixing zone, i s  needed to reach the steady state level of 
slightly more than 8070 heliurn. The equilibirum state i s  perturbed 
when the jets a r e  simultaneously tu.rned off. At that instant, all  
plena store the same volume of gas, 'Rut the pressure  in the freon- 
12 tank i s  higher than in the helium reservoir ,  aizd furthermore, 
the helium i s  depleted a t  a. faster rate. Consequently, the heliuni 
content of the injected gases becomes lower a s  time progresses. 
Later a t  t - 2500 rnsec, the newly reached steady state plateau 
drops again. This decrease in concentration is  caused by a i r  that 
has penetrated into the scattering medium af ter  the shctters  a r e  
opened, 
The rms  fluctuations show three corresponding regimes. 
The f i rs t  peak is  associated with the renloval of a i r  from the box, 
and the magnitude of the rms value decreases monotonically until 
the steady state value has been reached. The low level suggests 
that the turbulent mixing process i s  very efficient. This i s  partly 
due to the grid geometry, which enhances the miiring by bringing 
the two species into closer contact, and partly due to the long 
residence time of gas particles inside the scattering region. After 
the jets a r e  earned off, the rms  fluctuations again increase, mai-n?y 
because the concentration of helimn decreases with increasing time 
until the plena a r e  depleted. In the final phase of tlle turn- off process, 
al.rnost pure freon-12 is injected with a very low velocity through jets 
which a r e  spaced 6. 3 cm apart. During this phase the chara.cteristic 
length scale 4 in the process increases and so does the diffusion P 
L 
time T based on R /Dm, where Dm denotes the molecular diffusion 
cozfficient for  the two species. It is therefore expected that the rms 
fluctuation level will go up. This behavior suggests an alternative 
operating scheme for the turbulentmixer for  the purpose of increasing 
the rlns fluctuations, which, however, was not adopted for the present 
experiments, The test section can f i rs t  be filled with pure helimn and 
then freon-12 i s  injected for such a length of t ime that after the jets 
a r e  turned off the average concentration i s  80% lielirun by volurne. 
However, in this method the flow conEro1 system cannot be tuned accord- 
ing to the scheme described in Section 5. 2, Even after a long period 
of decay of the density fluctuations, the shock wave pressure  proliies 
which a r e  measured in the false endwall show a considerable 
modification of the unperturbed wave form. This indicates that 
large- scale gradients are still  present in the scatterivlg r e g i ~ n .  
In the conventional setup, in which heiium and freon- 12  a r e  
injected simultaneously through both grids, the mean co~rcentration 
is measured a t  seven different locations, a s  indicated by stations 1 
to 7 in Figure 5. 1. The measurements a r e  performed a t  three 
different height 1ocatj.ons: the f i rs t  one i s  6 .6  c-m, the second 1 3. 3 
em, and the third 19, 9 cm above the bottom wall, Moreover a t  
locati.or, 2, a depth survey is  made by measuring the mean 
concentration a t  s ix  different heights, a s  shown in Figure  5. 3 .  For  
this purpose the mean concentration i s  calculated using only five 
runs pe r  measuring station; the observed 2*0 variation in the mean 
value probably indicates constant density, within the accuracy 01 
these measurements.  Simi.larly, the mean corrc:entration measured 
a t  the other locations i s  constant to within the same  e r r o r  margin. 
These resul ts  a r e  confirmed using the ar r iva l - t ime data, which a r e  
obtained f rom the p ressure  measurements of the scat tered vrave 
field. 
5. 3.  2 - Shutter - Opening Effect 
It i s  important to determine the perturbation on the decajriilg 
density field due to the opening of the shutters.  The wake causecl 
by the motion of the shutters tends to  scramble  the interface be- 
tween the gas in the mixing region and the quiescent a i r  in the 
shock tube. Furtherriiore, due to turbulent diffusf on, a i r  penetrates 
into the scattering region and a mixture of helium and freon-12 
penetrates into the a i r .  The extent of the transition region between 
the two media i s  studied by positioning one probe half way between 
the two horizontal sidewaTls and 5. 7 cm away f rom the pci-forated 
shutter face and another probe a t  the s ame  height but 1 crn closer  
to the shutter. The measured mean profiles a r e  shown in Figure 5. 4, 
The squares denote the outpct of the probes when the shutters a re  
opened a t  t = 1600 msec ,  while the s t a r s  represent  data acquired 
when the shutters  a r e  activated a t  t r-. 2600 nlsec. The gas flow is 
t e r ~ ~ i i n a t e d ,  in both cases ,  a t  t = 1500 msec.  The shutter effect 
on the random field, indicated by the probe closest to the shutters 
and less  pronounced by the probe further away, is  considerable. 
The mean value drops by 2 0 7 ~ ~  and the r m s  fluctuations increase 
almost tenfold. However, the effect of the turn-off mechanism 
of the jets by itself causes a 5% decrease in the mean level arid 
a twofold ra ise  in the r m s  fluctuations, The difference is due to 
a i r  which has penetra,ted into the mixing zone. 
This effect i s  apparently slightly l e s s  pronounced when the 
shutters a r e  opened at t = 2600 rnsec. The motion of the fluid 
particles in the random medi~trnhas then subsided and the effect of 
the induced velocities, due to the rotation of the shutter blades, i s  
slightly less.  This is also noticeable in the r m s  curve. The 
graph d e n ~ t e d  by 2 corresponds to the probe which is located 5. 6 
cm away from the shutters. At this location, the r m s  fluctuations 
have approxirnately two-thirds the amplitude of those 1 cm 
closer to the shutters. By moving the probes away from the shut- 
t e r ,  i t  i s  found that the transitiori region extends approximately 
8 cm into the mixing zone when the shock tube is  fired. I-Toweser, 
on the interface, both the mean density and speed of sound a r e  
matched, and thus the mean impedacce is  matched as  well, a i ~ d  
therefore the transition region should have little effect on the shock 
wave, This is  confirmed by the pressure measurerients, as indi- 
cated in Section 5. 2. 
5. 3. 3 Cross- and - Space-Correlation ,...- Functions 
A sample of the raw clata used for the data reduction i s  
shown in Figures 5.5 a n d  5.4, Figure 5.5 shows data taken during 
the time that the jets a r e  on, and Figure 5. 6 shows data after  the jets 
a r e  turned off, The separation between the probes i s  1. 51 cm. In either 
case, except immediately around t = 1700, the amplitude of the fluctua- 
tion i s  4- 570, and the frequency content of the signals i s  l e s s  than 5 kHz. 
Using the computation schemes indicated in Section 4. 2, 
cross-correlation functions and space-time correlations a r e  calcu- 
lated, using the output of two probes which a r e  located a t  position 
6 in Figure 5. 1. For  four different separations of the probes, 
L = 0 cm, L = 1.09 cm, L = 1.51 cm, and L = 3.3 cm, the 
space-correlation coefficient i s  calculated over a period of 410 
msec,  starting a t  t = 1843 msec. These coefficients a r e  then used 
to construct a correlation function. The exact shape is not of 
interest,  only the integral length scale that can be obtained from it, 
The resulting graph is shown in Figure 5.7. Except near the 
origin an exponential function, with an exponent x/2. 2 cm, seems 
to fit the four data points the best. Results obtained a t  other 
measurement stations look similar.  
The cross-correlation furictions a r e  primarily calculated to 
obtain a.11 indication of the flow velocities inside the box. A typical 
example i s  given i.n Figure 5. 8. The velocity i s  calculated by 
dividing the distance between the probes by the time which i s  
associated with the peak in the cross  -correlation function. Typical 
velocities a r e  1. 0 - 1. 5 m/ sec  when the jets a r e  in operation. 
5. 3.4 Length Scales Obtained from the Optical Measurements 
Schlieren and shadowgraph pictures and Fourier  transform 
photograph.y a r e  used to characterize the flow before .it has been 
processed by the shock wave. The results obtained by Uberoi and 
Kovasznay (Ref. 10 )  show that the distance to the f i rs t  minimum in 
the shadowgraph-correlation function is approximately equal to X P ' 
the microscale for the flow. In this experiment, the small.est scale 
in the density field is  based on the distance to the f i r s t  minimum. 
However, the restilts have to be interpreted with caution. The 
analysis employed by Uberoi and Ilovasziiay i s  based on infinitesi- 
mal  deflections of the light rays from the unperturbed paths and 
the distance from the film plate to the scattering region has to he 
large compared with the propagation length in the random medicin. 
In the current  experiments the film plate i s  positioned either seven 
(Fig. 6. 15 and 6. 16)  or  five (Fig. 6. 17) thicknesses of the scat- 
tering medium away from the nearest  window. The deviation of 
the light rays frorn the unperturbed. path can be deterrrlined by con- 
sidering the modifications of the perimeter of the optical window. 
The shadowgraph photographs (Fig-z. 6. 15 and 6. 16) indicate devia- 
tions of the order of 1 - 2  rnrrl. For  distances closer to the sarrdoim 
density field, Taylor (Ref. 15) has calcula.ted the ahadowgraph 
intensity field., but his single sca,t"Lring theory i s  not applicable in 
the current investigation. The parameter k2 iB 
where k = l o 7  cxn i s  the wave number of light, 
the rms  f1uctua.t-ion in index of refraction, L = 1. 4 cm is a P 
characteristic length scale, and d = 26. 6 cm the thickness of the 
scattering medium. The Born approxil-nation is  not valid and a 
higher order ~icattering theory is  necessary to analyze the phsto- 
graplis. Moreover, the white lines in the shadowgraphs a r e  
probably caustics and near a caustic linear geometrical optics 
breaks down. However, in the neighborhood of the region where 
the caustics a r e  f i rs t  formed, the scale obtained f rom the shadot.;- 
graph pictures still  corresponds to the length scale of the fluid 
elements which produced them. The microscale defined in this 
investigation a s  the distance to the f i rs t  minimum in the cptical 
correlation function i s  therefore not necessarily equal to the Taylor 
microscale, but i s  a rneaszxre of a small  scale in the flosv, A n  
example of a shadowgraph picture correlation function is given in 
Figure 5. 9. (This picture shows a, shock wave, indicated b ~ -  the 
dark Pine, moving from left to right; the correlation function is 
measured ahead of the shock. ) 
On the abscissa, the correlation distance is shown in rnilli- 
meters  fa r  the full size picture, and on the ordinale the ccrrefation 
coefficient is  plotted. Correlation functions obtained froin schlieren 
pictures look qualitatively very much alike. The results of these 
measurements a r e  shown in Table 1.  'The position where the data 
were obtained i s  indicated by "before" and "afterv1 and the signs / /  
and .e denote the direction in which the correlations a r e  rnacl.~ -with 
respect to the shock wave. Four alternative scales based a )  the 
distance between the f i rs t  minima, b) the full width of the central 
lobe a t  the l / e  peak value, c )  the distance betvieen the f i r s t  zero 
crossings and d)  the average period of the outside lobes, a r e  listed 
in the four columns. Using these length scales, the effect of the 
shock sbvave on the random rnediurin can be determined (cf. Cl~aptex 
VII).  
The optical Fourier  transform pictures a r e  taken with an 
optical bandpass filter (filter 466-3295 f rom Optics Technof.ogy, Inc. ) 
in front of the light source. The pass band is 30 pm around 475 
pnl. The full aperture of the window i s  used to obtain the pictures. 
Without turbulence, the recorded focal spot is  0. 8 rnrn. This 
diameter is  increased to 3 .  1 mm by the presence of the ranilorn 
medium. The length scale, L = 3. 3 mm, i s  then calculated P 
according to equation 4-13, using a 3% rrma fluctuation in the con- 
centration of helium. This scale agrees with the results obtained 
from the shadowgraph correlations and therefore must  be related to 
the small  scale in the turbuleace. This i s  not surprising since 
small lengths in the object plane produce wide spectra in the 
Fourier  transform plane. 
5.4 gwnrnary of the Results -...--- Characterizing the Selected Sc;tt"L* 
---."- 
Medium 
-- 
The random density field a t  approximately t = 1900 in the 
decay process i s  characterized by the following parameters: 
The mean concentration o f  the mixture by volume is 
C(EIe> = 80%; 
CiFreon-12) = 2070; 
The rrrls concentration fluctuations a r e  approximately 3%; 
The acoustical index of refsackion i s  n = 1 2 0. 066; 
The optical index of refra2ction i s  
n = 1. 00024073 + 3 .  0683 x 
The microscale 1 w 1. 5 mm; and 
P 
The integral scale I., 1 .4  cm. 
P 
VI EFFECTS O F  THE SCATTERING MEDIUM ON THE SHOCK 
WAVE 
6. 1 Scope 
The scattered wave field i s  investigated using pressure 
transducers downstream of the scattering region and optical tec11- 
niques inside the random medium. The objective i s  to docurnerit 
the characteristics of the acoustical fleld and to t ry  to understand 
the physical processes that cause the modification of the incoming 
wave. In this section, the anatomy of the pressure  signatures is  
presented. It is  shown that the design of the experiment has suc- 
cessfully insured that the effects of the mean properties of the 
scattering medium on the shock a r e  small and that the observed 
modifications a r e  caused by the random field. The shock wave 
front, as  shown on the pictures, seems to break up, and evidence 
of this effect i s  found in the pressure signatures also. The presen- 
tation 01 the data i s  in the form of histograxts based on the charac- 
terist ic  features of the signals as  explained in Sectiori 4. 4. 1. 
6. 2 - Representative Pressure  Data Profiles 
--- 
In figure 6 .  1, the effect of the decay time of the densitjr 
fluctuations on the shock is  shown. The traces represent the signals 
measured by the two P C B  Model 113 A 21 pressure transducers in 
positions 1 and 2 of the false cndwall (see Fig. 3. 3). The  measuring 
station is near the dosvnstrearn shutter, The abscissa on the oacll- 
logram represents the time and the ordinate indicates the pressure. 
The fi.4ach number of the incoming wave is  Ms = 1. 03. The picture 
to the left shows the response o i  the transducers if the shock wave 
is  f ired 2. 4 seconds after the jets in the turbulent mixer a r e  
turned off. In these experiments, the shutters a r e  opened a t  
t = 3600, just before shock arr ival  a t  t = 3940 msec. The modifi- 
cation of the unperturbed profile caused by the mean density i s  
small. The high-frequenc y fluctuations immediately behind tile 
front a r e  due to ringing 01 the transducers a t  the resonance f re-  
quency. The longer wavelength perturbations a r e  mainly diffracted 
waves from the small  gaps betweeu; the shutter blades and the side- 
wall of the turbulent rnixer and indicate the signal-to-noise ratio f o r  
the subsequent scattering measurements. It i s  concluded from pic- 
tures like this one that the meau: properties of the scattering 1-necliunl, 
and the interface between the quiescent a i r  in the shock tube and 
the helium-freon - 1 2 mixture in the turbulent mixer  do not significantly 
rriodify the unperturbed shock-wave profile, 
The effect of the turbulence on the incoming wave form i s  
shown in the picture on the right of 6. 1. The traces arc? 
obtained during a standard r w  a s  described in Section 2.4. The 
signals a r e  measured with the same transducers and a t  the sarne 
measuring stations but indicate a sign ificant alteratf on of the wave 
form. The portion of the wave front displayed on the top trace 
represents an increase in the shock strength follosved by an expan- 
sion and a slow compression. The bottom t race  indicates that the 
signal arr ived ear l ier  a t  tralioducer 2 than a t  1 and that t he  frequency 
content of this front is considerably lower than for the one on the 
top trace. No pressure  overshoot i s  observed in this portion of 
the wave, and the leading pressure  jump i s  followed by a 
compression which increases the pressure ,  on the average, to the 
unperturbed value. This oscillogram indicates that for  a g iven  run 
the pressure  signatures can be very different a t  different locations 
on the wave front. This is true for most of the data; but some- 
times two or  more traces in a run look alike to some degree, 
which indicates that scales of the order of the separation bettveer, 
the gauges may be important in the scattering process. A cross-  
correlation function, computed for pressure  signals which a r e  meas- 
ured a t  different separations between the gauges, may in fact be 
very useful in determining the dominant scale in  the turbulence 
that i s  important f o r  the scattering process. Manual data proces- 
sing i s  not very suitable for this purpose, and this is the reason 
that the calculation has  not yet been performed i n  this research. 
The time quotecl in this s e c t i o ~  for r i se  times, wave sep- 
arations, etc. , can be related ta possible effects of the randarn 
medium by bearing in mind that the time taken for a souadwave 
(or weak shock wave) to traverse one correla,tion length (L = 1 . 4  
P 
cm)  is  40 psec or one microscale (X = 1.5 m m )  is  4 .2  psec. P 
T o  illustrate the extent pf the modi.l'ications, a representative 
ser ies  of oscillograms i s  shown in Figure 6 .2 .  The t races  repre- 
sent the three cases, Ms = 1.007, M - 1 . 0 3  and M = 1.1, The 
S S 
numbers 1 through 4 on "Le right hand side of the page indicate the 
location of the transducers in the false endwall. The two oscillo- 
grams for each Mach number a r e  obtained during the same run. 
Fo r  the Ms = 1. 007 case, t race 1 shows three discrete 
pressure  j ~ m p s  in the initial portion of the wave form. It is 
possible to interpret these jl-rrrlps a s  representing a succession of 
three shocks. Trace 3 probably shows a succession of two shocks, 
separated by 24 psec, but the r ise  time of the second shock i s  con- 
siderably longer than that of the initial one. The front on trace 4 
may also be composeci of three shocks, but their  amplitudes a r e  
small, so they a r e  somewhat difficult to distinguish. 
F o r  the Ms = 1. 0 3  case,  the second t race  is  of interest 
because it  shows a sharp peak a t  the front, followed by an expsn- 
sion. Traces  like this one can also be observed f o r  focusing 
shock waves, a s  shown by Sturtevant and Kvilkarny (Ref. 18 ) .  This 
does not imply that this t race  necessarily represents a focusing 
wave, but i t  i s  a possible interpretation. Trace 3 also shows an 
overshoot of the shock pressure,  and trace 4 indicates two slaocks, 
one trailing behind the other. The apparent change in r i se  time of 
the two shocks can possibly be explained by the oblique zngle at 
which the shock approaches the transducer, a s  explained ii? Section 
6. 3.4. The picture also shows a typical arr ival- t ime difference 
between the four signals. For  the Ms = 1 .1  case, the signatures 
look very similar  except that the magnitude of the perturbations is 
reduced. The second trace shows very clearly two shocks y,rri'Lh 
very rapid r i se  times. 
6. 3 -- Characteristics of the Scattered Wave Field 
"-------.--.-- 
6.  3. 1 Shoclc Amplitude Resu!ts 
-- 
The definition of the strength of the shock wave i s  given in 
Section 4.4. 2. In most cases this criterion i s  perfectly adequate 
to determi.ne the shock a.w~plitude. Hosvever, for the weakest waves, 
the classification of precursors which a r e  sometimes observed 
ahead of the f i rs t  front is somewhat arbitrary. For  the MS = 
1.007 shocks, 7' profiles from a total of 64 measured near the 
downstrearrr shutter show precursors,  and 11 profiles from a 
total of 64 measured near the endwsll indicate precursors.  For  
the stronger waves they do not occur. In other shock-wave phen- 
mena, precursors  have been observed. Sturtevant and Kulkarny 
(Ref. 18) found that after a shock wave has passzd through a 
focus, diffraction waves run ahead of the shock. Abd - El-Pattah, 
e t  al, (Ref. 19) observed precursor shock waves for the refraction 
of plane shocks a t  an interface of gases with largely different 
sound speeds. In both cases, the precursors a r e  associated with 
folded wave fronts. On the other hand, this initia.1 portion of the 
signature can also be a genuine part  of the shock wave struct.urz, 
In this work a subjective criterion has been established (Section 
4.4, 2 )  to identify precursors.  Table 3 is  a l i s t  of those traces 
in which precursors a r e  found, 
The results of the shock arnplit1.de measurements aye 
shown in Figures 6. 3 and 6.4, The sample population i s  64 for 
the Ms = 1.007 and .Ids = 1. 03 shocks and 32 for  the M = 1. 1 
8 
shocks, 
Bars  to the left of the zero Pine indic~.te attenuation of 
the shock front, while the bars to the right imply amplification. 
For  a l l  cases (except for the Ms = 1. 1 measurements near the 
downstream shutter) the average normalized shock strength is  l e s s  
than 1. This indicates that energy i s  scattered out of the wzve 
front. The MS = 1. 1 case i s  probably not an exception but a 
peculiarity due to the low sample population. However, by calcula- 
ting the mean value of the pressure  for times up to 140 psec behind 
the front, i t  was found that the ensemble averaged value i s  indeed 
equal to the unperturbed shock strength within the accuracy of the 
calculations. Because the observations a r e  made downstream of 
the s tattering volume this implies that apparently very little energy 
i s  scattered backwards toward the diaphragm station. 
Due to nonlinear effects, perturbations behind the shock will 
toad to catch up with the front. This mechanism channels energy 
back into the shock, tvhich i s  apparent f rom the histograms; the 
value for the mininlulr? normalized shock amplitude increases with 
increasing Mach r~urnber, a s  shown in Figures 6.5, 6.6. T1>e maximum 
shock over-pressure,  on the other hand, decreases with increasing 
Mach number. The detailed explanation of this effect can be given 
in terms of focusing shock waves. Sturtevant and Ku~lkarny (Ref. 
18 ) showed that for focusing shockwaves the maximum shock 
amplification decreases for  stronger shocks. This is due to non- 
linear effects which increase the size of the focal volume, and 
distribute the energy over a l a rger  portion of the shock front. 
Similarly, pressure  perturbations caused by impedance fluctua,tions 
will be smoothened by nonliilear effects (TYhithax-n, Ref. 2 0 ) ,  even if 
the wave front i s  not curt-ed. 
6. 3. 2 Peak Amplitude - Results 
The peak amplitudes a r e  normalized by the unperturbed 
shock strength and the results a r e  shotsin in Figures 6.7 and 6.8 . 
Figure 6.7 displays the histograms for the peak pressures  measured 
near the downstream shutter and 5igure 6.8 shows the results for 
the pressure  profiles acquired near the shock tube endwall. The 
histograms indicate that a l l  peak pressures  a r e  l a rger  than or 
equal to the unperturbed shock strength. This i s  consistent with 
the fact that the average amplitude of the pressure  signature bshiad 
the front i s ,  within the accuracy of the measurements, equal to the 
strength of the unmodified shock, while, by definition, the peak 
pressure  is  l a rge r  than or  equal to the mean value. F o r  all  Mach 
number cases,  except for  the = 1.03 signatures measured aear 
s 
the s h ~ c k  tube eizdwall, the value of the most  grubablc nondiil.iension- 
alized peak pressure  i s  1.25. 
F rom a comparison between the histograms for the ncj~rrlal- 
ized shock- and peak amplitudes (Figs.  6.3, 6.4, 6, 7, 6,8) it is deduee'd 
that the largest  peak pressure  occurs on the wave front for the 
-- 
Ms = 1. 007 and Mg = 1.1 sh~clcs  and behind the front for the M = 
- S 
1. 03 case. The time lags between the peak value and the wave 
front for tlle different Mach number cases a r e  shown in Figures 
6.9-6. 10. The histograms indicate that the peak value occurs with 
highest probability within a n  illterval of 20 psec behinG the front, 
The probability that the peak is  observed farther behind the initial 
portion of the wave decreases with tirne but seems to increase 
again a-fter t = 100 p s e c  for the IM = 1.03 shoclcs. 
s 
This result is  a s  yet not understood. Fo r  the M s  = 1. 1 slincks not 
enough data has been obtained to determine a definite trend, and it  
i s  therefore not possible to determine whether o r  not this phenom- 
enon i s  real  o r  due to the extent of the sample poyulalion. 
Finally, Figures 6. 5 and 6. 6 show that the maximurn norui~al- 
ized pzak pressure  decreases slightly with increasing f\Aach number. 
6. 3. 3 Shock Wave Front Topology Results 
--- - -- 
The results of the r m s  arrival- t ime fluctuations a r e  shown 
in Figure 6.11. This result reveals the effect of the scattering 
medium on the shock wave topology. The fluctuations in index of 
refraction tend to accelerate and decelerate the front in a random 
fashion, and consequently, the arr ival  time of the wave front meas-  
ured by the gauges in the false endwall i s  different than for an 
1li7pertur'ued front. Nonlinear effects, on the other hand, tend to 
straighten and stabilize the wave front, s o  reducing the dispe?:aic.n 
of arrival-time data. Nonlinearity also explains why the rms  
fluctrxatiolrs in the arr ival  time decrease with increasing Mach 
number. Also, after the shock has passed through the scattering 
medium, and i s  propagating in uniforn-i a i r ,  nonlinear effects 
further decrease the ripples on the wave front. The rms  fluctua- 
tions of arr ival  time, measured near the shock tube endwall station, 
should therefore be smaller  than those ohtained near the location 
of the downstrea,ni shutter, and the percentage decrease is  expected 
to be the largest  for the strongest shock, Neither of these changes 
i s  observed in our experiments; the reason is a s  yet unknovrn. 
The mean value for the arr ival  time difference between the 
top and bottom gauge ( 3  and 4 in Figure 3 . 3  ) and the mean value 
for the arr ival  time difference between the horizontal gauges ( 1 and 
2 in Rgure  3 .  3 ) a r e  tabulated in Table 4 , The results indicate a 
slight vertical stratification, The ma:rimum mean arr ival  time difference 
between the top and bottom gauge i s  149 psec, which correspolrcTs to 
a 1. 5% variation in the acoustical index of refraction. 
6. 3.4 Wave Front - Thickness Results 
---- 
The shoclr; \va.ve r i se  time 5s based on the maximum slope 
thi-ckness a s  described in Section 4.4. 2. The results a r e  shown 
in Figure 6. 12. The minimum value i s  limited to 1 psec 
by the time response of the pressure  gauge. The r i se  time im- 
plied by the thickness of the weakest shock in these ex-perirnents is  
calculated to be approximately 0. 1 psec, so  a change in the thick-- 
ness of ;he wave of one order of magnitude cannot be detected. 
However, Figure 6.12 shows that in 13 out of 64 of the traces 
recorded is these experiments r i se  times of from 4 to 1 0  psec were 
observed. A measured r i se  time la rger  than the resolution of the 
pressure  gauges can be accounted for by either a change i.n th? 
shock wave structure or, possibly, by geometrical effects assoc- 
iated with the approach of the shock to the transducer. 
Geometrical Effects. Geometrical effects which can cause an 
apparent increase of r i se  time i ~ c l u d e  tilt of the shock wave away 
f rom the plane of the transducer and wrinkling of the shock front 
on a scale smaller  than the diameter of the transducer. Consider 
f i rs t  the effect of the shock wave tilt suggested by the rrleasurement 
of the rnean arr ival  time difference between any two transducers, 
tabulated in Table 4 The largest  mean arr ival  t ime difference 
has a value of 14, 9 psec between the top and bottom gauges. T h e  
separation between the transducers i s  6. 3 cm. This implies thnt 
the mean r i s e  time caused by an obliquely arriving shock wave on 
a 5 m m  diameter gauge, i f  the scale of the perturbations on tk,e 
shock is no l e s s  than 6 cm, cannot he more  than 1.2 p.sec, 
Therefore, mean large - scale geometrical effects cannot explain 
observed r i se  times greater  than the time response of the pressure 
gauges. 
However, i t  might be possible for the tilt of any individual 
shock wave a t  a transducer to be large enough to explain the 
occasiona,l large r i se  ti-me observed. The maxiinurn time separa - 
ti.on in a single run between the signals on the center gauge a,rzcl 
any of the other transducers is  20 psec (run 4670) acquired near the 
downstream shutter and i s  24 psec (run 4708)rrieasured near the shock 
tube endwall, If we assume that in these i n f r eque~ t  events the 
half-wavelength of the perturbations on the shock happzrs to be 
coincident with the gauge separation in such a way a s  to give 
maxiin~jrn arrival- t ime diEference, and als  a that the largest  values 
of observed r i se  time a r e  due to arr ival  of the inost tilted portion 
of the same perturbed fronts a t  a single transducer, then we 
obtain 5 psec for the estirnste of the largest  possible r ise  time 
a t  the downstream shutter location and 6 ysec near the shock tube 
end wall, This estimate compares favorably with observed maxi- 
inurn r i se  tirnes of order 4-8 psec. Thus, a t l e a s t  in a few cases, 
shock wave tilt can explain long r i se  times. 
A. difficulty in interpreting the observed r i se  times in terms 
of geometrical effects a r i ses  frorn the fact that the mea,aured r ise  
times near the endwall of the shock tube look similar  to those 
obtained near the downstream shutter. Consider Figure 6. 13, h 
shock wave moves from top to bottom in the figure, and a pressure 
transducer can be located a t  plane I o r  11. 
wave 
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Figure 6.13 Geometrical Effects on Shock Wave Topology 
Perturbations 011 ihe shock have a la tera l  scale X and are of such 
an amplitude as to give a radius of c.crrva.tr~re R. The s i ze  of the 
transducer d i s  small  compared wit11 X.. VJe suppose that the slope 
of the wave determines the apparent r ise  time of the t r ~ n s d ~ c e r  
in plane I. Following the propagation of the shock to plane 11 
according to geometrical acoustics, if the radius of curvature R is  
leas  than one-hall' the propagation distance between I and XI, the 
slope a on the transducer in plzne I1 must be smaller  because the 
radius of curva ture has increased. Consequently, the apparent 
r i se  time due to tilt: rrlust have decreased. Only in the limiting 
case, when the radius 0: curvature is equal to one-half the distance 
between planes I and 11, will the measured r i se  time a t  I1 be the 
same a s  a t  I. Ir1 the present experiments, the propagation d i s t a ~ c e  
between I and I1 is  22 cm, so perturbations on the shock waTie of 
10 crn radius of curvature generated by inhomogeneities of scale 6 
cm would exhibit the same apparent r i se  tirne a t  I as  a t  11, bat 
perturbations of sigrrifica~ltly different s cale would not. 
Another mechanism that w o ~ d d  explain unchanged r i se  times 
a t  plane II: i s  the inverse of the process described a t  the end of 
the next paragraph; namely large-scale perturbations at I tending 
to focus on small  scales (smaller than the transducer diameter) by 
a process that miglit be called the 'shadowgraph effect! frorrl i ts  
familiar occurrence in optical shadowgrapliy. 
Another geometrical effect, that can causa apparent r i se  
times la rger  than those due to the actual shock structure i s  wrin- 
kling of the shock front on a scale smaller  than the diameter or" the 
transducer. The 5 mm diameter of the pressure  transducers used 
in these experiments i s  too large to resolve wrinlcling of the shock 
front on the scale of, say, the niicro-structure X of the density P 
inhomogeneities. A large a r r a y  of f ransducers smaller  than the 
microscale is  presently being constructed in this laboratory, and 
experiments will soox; be carried out to detcrmirne the small scale 
structure of the sIiock topology. It should be noted that in the case 
X << d, the same a-pparent r i se  tirne should be observed a t  the 
 on shock tube endwall (plane 11) a s  a t  the downstream shutter lot-t' 
(plane I); because, though t~ypical wavelengths of the perturbations 
grow a s  the shock propagates according to geometrical aco~~st i .cs ,  
the separation between the initial and final disturbances on the 
crossed and folded wavefronts a t  11 will remain the same a s  the 
amplitude of the initial, perturbation on the shock a t  I. 
Unfortunately, the shadowgraph and schlieren photographs 
provide no further clues about the apparent r i se  time of the weak- 
es t  shock waves, MS = 1. 007, for, in this case, the shocks a r e  
indistinguishable f r o m  the turbulence ( Figs. 6.15 and 6.18). F D ~  
stronger shocks, the waves a r e  visible in the schlieren photographs; 
but neither do the photographs show any high frequency ripples on 
the wave fronts, nor do the pressure t races  show any long r i se  
times. 
Shock structure, - The long r i se  times observed in a few of 
the present experirrients w ~ u l d  be explained if for  some reason the 
thickness of the incident shock front had beell increased by almost 
two orders of magnitude by the scattering prccess. A nlechanisxn 
for this effect has been suggested aqd quantified by George and 
Plotkin (Ref. 6). Because the present errperiiments have not been 
col~clucted with sufficient r e s  o111tiu1-1 to  determine the detailed topol- 
ogy of the shock front, i t  i s  not possible to resolve the question 
whether the long r i se  times observed in some of the results a r e  
due to t'hickening of the shock structure or to geometrical effects. 
Nonlinear effects. The discussion in the l a s t  three para-  
-- 
graphs did not include nonlinear effects. A wave with thickness 6 
steepens to i ts  eqziiLibriurn structure in a distance L 
where M denotes the shock Mach n u ~ b e r .  Using L = 2 2  cm and 
s 
M = 1 .  007 in equation 6 ,  6 is  computed to be 6 = 3 .  1 mm, 
which corresponds to a r ise  time of 8. 8 psec. In other words, 
nonlinear steepening should reduce the observed r i se  tirne at the 
endwall station to the resolution of the transducer if  small scale 
wrinkling or a genuine change in shock structure a r e  responsible for 
the increase in r i se  time. The results shown in Figure 6. 12 indi- 
cate that these mechariisms by themselves cannot explain the obser- 
vations. Of course, combinations of geometrical effects and shock 
structure changes c o d d  explain the observed r i se  times near the 
shutter location. 
6. 3. 5 Peak Width Results 
-------- 
The measured values for the width of the peak immediately 
behind an amplified shock front a r e  shown in Ta5le 5 ,  A. possible 
explanation for the spike width is  given by Pierce  (Ref. 9 ) .  The 
decrease in pressure  behind the front i s  caused by diffraction waves 
from the edges of the disturbance of scale L which caused the 
ripple on the wave front. He finds that 
where n' denotes the rms  fluctuation in the index of refra.ction, 
and a i s  the speed of sound ill air. Using A t  e 8 ysec, 
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n1 = 0.066 and a. = 350 m/sec ,  L i s  calculated to be L = 3. 8 cm. 
The radius of curvature of the wave front ripple is given by 
where i? denotes the ripple amplitude, Using the rms  arr ival  
m 
time fluctuations (Section 6. 3. 3 )  to calculate A m ,  i t  i s  found that 
13 8 c m .  Pierce  also indicates that the spike width should be of 
the same order of magnitude a s  the ripple amplitude divided by the 
speed of sound. In the current investigatiol; the rms  arr ival  time 
fluctuations a r e  of the order 5-6 ysec, and the spike width is 
approximately 8 psec. 
6. 3 .6  Schlieren and Shadowgraph Pictures 
-.- -- 
The effect of the scattering medium on the shock wave is 
observed by taking shadowgraph and schlieren pictures of the wave 
field inside the turbulence region. In the absence of turbulence, 
the shock wave i s  indicated b y  a: single straight line -in both the 
sh.adowgraph and schlieren photographs, (cf Fig. 6.141, The shadow- 
graph pictxres a r e  taken 1.  7 m (Fig. 6. 15 and 6. 16) and 1. 3 rn 
(Fig. 6. 17) away from the near observation u7incTow, and the picture 
is  1, 3 x full scale. The schlieren pictures a r e  taken with the 
carnej:a focused on the central plane in between the two win:lo~vs, 
and the flow field i s  printed in actual size. In both techniques, of 
course, the pictures show the integrated results along the path of 
the light rays in the turbulence. 
Figures 6.15-6.17 show photographs of the three Mach 
xiurnher cases. Though the weakest wave i s  supposed to be in the 
center of the picture i t  caiinot be observed inside the sca t te rkg  
region, presumably because the optical effect of the random density 
field overshadows that of the shock. 
The two methods seem to show different aspects of the 
phencrnenon. The s chlier en pictures indicate that the wave fr onk 
i s  broken up into a collection of fronts, but this could be caused 
by a single, wrinkled wave front with or without a slight tilt rela-  
tive to the optical axis. The arrival- t ime data obtained from the 
pressure  measurements indicate that the maximum apparent thick- 
ness due to tilt can be a s  rrluch a s  7mm. This co~d.d accou~rt for 
some of the structure observed in Figure 6.20 but i t  is  unlilcely 
that i t  i s  sufficient to describe al l  of the observations. Indeed, it  
also appears on the pressure  traces that several waves arc propa- 
gating in close succession. For  exzmple, in the Ms = 1. P case 
this is  clearly shown in run 4734 and f c r  the ,M = 1. 03 wave in 
s 
run 4647; other examples a r e  shown in the top t race  of the upper 
right picture and the lower trace in the upper left oscillograrn in 
Figure 6. 2. 
In the shadowgraph pictures, the wave field behind the front 
i s  alrrlost completely obscurer! by the turbulence for the A4 = 1. 03 
s 
waves but i s  somewhat more visible for the h1 = 1, 1 shocks as a 
s 
1 c m  wide band following the front. Individual wa,vele~gt!is cannot 
be resolved due to the lower sensitivity of this method. The effect 
of the shock on the turbulence i s  discussed in Section 7. 2, 
6.4 C o m ~ a r i s o n  of the Shock Front Totllolorrv Results with 
Geometrical A.coustics Theory 
--
The objective of this section i s  to relate the measured r m s  
f l~~ctuat ions  in arr ival  time for the 1bl = 1. 007 shoclr,s to the pro- 
s 
perties of the scattering medium. The propaga.tion of discontinuities 
is  related to the propagation of high freycency sound tvavcs 
(Whitham, Ref. 2 0 )  and i s  described by geornetrical acoustics. 
Using this theory, consider the f o:llowing: The propa.gation time 
for an acoustic wave through a random medium with a.n acoustical 
inclex of refraction n = a /a, where a i s  the local speed of sound 
0 
and a. the speed of sound in a i r  at standard pressure  and tempera- 
ture, is given by 
where s denotes path length of the rays through the scattering 
medium. The difference in a r r iva l  time of rays propa.gatirrg 
through a nonuniform medium from those in a uniform medium is 
then given by 
Under the assumption of a hon?ogeneous and isotropic scattering 
medium and f o ~  n - I +  y (x ,y ,  z ) ,  where y << 1, equation 6-4 can 
be transformed into 
where D i s  the thickness of the slab of turbulence. 
Using standard mathematical techniques (Chernov, Ref. 1 ), 
equation 6-6 i s  expressed iil terms of a correlation function I\J for 
the mediwn 
where the bar denotes ensemble averaging. Assuming a Gaussiain 
correlation function, 
where L denotes a length scale in the random mediu-m, equation 
(6 - 7) becomes 
F o r  small fluctu2tions, the quantities dF and hvhere 
c'  i s  the concentration of helium) a r e  linearly related. For 
- 
- 3 e- = 0. 0 3 ,  llZ = 4. 36 x 10 Using the following numerical 
values a = 346 rn j sec ,  and 
0 
- 2  D =  35.2  10 m, and 
- 2  L =  1 . 4 ~ 1 0  m 
in equation (6-9) becomes 
This calculated value i s  a littl.e higher than the measured quantities 
(Fig. 6.11). The discrepancy can possibly be explained by nonlinear 
effects, which tend to eteege-rl the wave, and of course tlie length. scale 
L can be varied widely over the range of scales. Using a scale 
L = 4 rnm, the calc-da.ted result is  very close to the observed 
values . 
VII. EFFECTS O F  THE SHOCK W A V E  ON THE SCATTERING 
MEDIUM 
7. 1 S c o ~ e  
The objective of this section i s  to study the effect of the 
shock wave on the randorn density field. For  this purpose shadow- 
graph and schlieren pictures were taken and processed in the 
optical correlator. Only information regarding the scales of tur-  
bulence has been obtained, It i s  found that the strongest shocks 
a l ter  the density field the most and that the changes cannot be 
explained by isotropic sliock compression alone. The ratio of 
scales in the direction parallel and perpendicular to the shock is 
increased after the fluid has been processed by the shock, 
7 . 2  Scale -- C h a n ~  in the Density -- Field Induced b~ the Shock ?Vavt? 
-- --. - ---.- 
7.1,. 1 -- Data Obtained - from Schlieren - Pictures -
Two schlieren pictures, n~irnbers 170 and 173, a r e  analyzed 
for the Ms = 1. 1 case. Picture 173 i s  shown in Figilre 6. 20 . The 
shock i s  moving f rom right to left, and the bottom of the picture i s  
closest to grid 2. The photographs a r e  made in the schlieren 
system by blocking the low frequency components of the signal. in  
the optical Fourier transform plane, a s  explained in Section 3 , 3 . 2 .  
The pictures show the fi-ow field in  actual size, and the camera i s  
focused on the central plane of the scattering voluLme. Howe~rer, 
the depth of field i s  at least  as large a s  the box size, so  the pic- 
tures show integrated results along the path of the light rays in  the 
turbulence. 
TJpon casual inspection, the pictures for the weakest shocks, 
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Ms = 1. 007 and Ms = 1. 03 (see Fig.6.18 and 6.19 ), do not exhibit 
any visible effect of the shock wave on the density fluctuations in 
the nonuniform medium. However, measured correlation functions 
f rom the shadowgraph pictures for Ms = 1. 03 do show an effect on 
the turbulence, a s  shown in Table 1 .  The strongest shocks 
(M = 1. 1, Fig. 6.20 ), on the other hand, obvious1.y change the 
s 
characteristics of the processed fluid subs tantially. The scales of 
the turbulence a r e  reduced, and the medium has become more 
anisotropic. 
F o r  the purpose of analyzing these pictures, optical correla-  
tion functions a r e  made in two directions. In front of the shock, 
the correlation function i s  obtained by sliding the two transparencies 
parallel to the wave, but no perpendicular correlation function can 
be obtained due to lack of space. Behind the shock, correlation 
functions a r e  measured in both directions. The a rea  over which 
the data a r e  averaged i s  in al l  cases 3.  2 cm in diameter. The 
characteristic scales which a r e  obtained from the correlation 
functions a r e  tabulated in Table 1.  Table 2 shows the ratio of the 
scales behind and in  front of the shock, where a negative sign 
indicates a reduction in size. The results show a substantial 
decrease of a l l  scales. This may also explain the la rger  number 
of bright white lines in the photographs of the processed fluid. 
Smaller scales represent higher spatial frequencies in the object 
plane, and because the dot acts like a high-pass filter,  these 
frequencies show up in the picture. 
A measure of the anisotropy of the shock-compressed fluid 
i s  indicated by the data in Table 6 . They document the clearly 
visible fact that the streaks seem to be aligned more parallel to 
the shock front than perpendicular, 
The results cannot be explained solely on the basis of iso- 
tropic shock compression because the ratio of the densities for a 
Ms = 1. 1 shock i s  only pZ/pl = 1. 16, where pl denotes the density 
of the undisturbed fluid, and p2 the density behind the shock. 
The possibility of spur i .0~3 optical effects due to boundary- 
layer action on the observation windows can also be ruled out. 
'The boundary-layer thickness during the experiment i s  estimated to 
be a,pproximately 0, 1 mm; it  i s  very unlikely that this lay=r ,  which 
i s  so  thin in comparison to the box size (26 cm),  can have such a 
pronounced effect. Furthermore, i t  i s  predicted that the boundary 
Payers a r e  actually laminar in these experiments. 
Therefore, the visible effect of the shock on the random 
medium must be due to direct interaction of the shock wave with 
the turbulence. Though the details of this interaction a r e  not yet 
understood, i t  i s  certainly related to the entropy-souad interaction 
described by Chu and Kovasznay (Ref. 21 ). 
7. 2, Z Data Obtained from Shadowgraph Pictures 
The shadowgraph technique is  sensitive to second deriva- 
tives of the density fluctuations and, therefore, tends to emphasize 
small  scales. Thus, the results of measurements on 
schlieren and shadowgraph pictures a r e  not necessarily expected 
to be the same. 
An example of a shadowgraph correlation function, derived 
from picture 98, i s  shown in Figure 5. 9 .  On the abscissa i s  the 
displacelnent (of the full-size picture), and on the ordinate, the 
space correlation function. The contrast on the photograph to the 
left is  artificially high and i s  caused by the copying process; 
negatives developed for use in the optical correlator show less  
contrast. 
The shadowgraphs used for the correlation technique a r e  
pictures 97 and 98 for the Ms = 1. 03 shocks and 184 and 185 for 
the M - 1. 1 waves (Figs. 6.16-6.17). Photographs 97 and 98 a r e  taken a t  a 
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position 1. 7 m and pictures 184 and 185 a t  a station 1. 3 m away 
from the near observatioi? window of the turbulent mixer. 
The shock wave moves from right to left, and the photo- 
graphs show the flow field enlarged by a factor 1. 3. The weakest 
shock, Ms = 1. 007, which i s  supposed to be located in the center 
of the picture (Fig. 6.15 ), is  not visible because of the stronger 
optical effect of the turbulence. The MS = 1. 03 shock in Figure 
6.16 does not change the turbulence characteristics in an obviously 
noticeable fashion, but the Ms = 1. 1 wave does seem to al ter  the 
flow field. The correlation functions for pictures 97 and 98 a r e  
obtained aheaci of and behind the shock by moving the slides par- 
allel to a s  well a s  perpendicular to the wave. F o r  photographs 184 
and 185, the upstream fluid can only be characterized by correla-  
tion functions made parallel to the front. The a rea  over which 
the correlation function i s  averaged i s  3. 2 cm in diameter. 
Fo r  the Ms = 1. 03 waves, the results in Tables 1 and 2 
show that the fluid ahead of the shock i s  not corLpletely isotropic. 
This i s  expressed by the ratio T', the quotient of the parallel to 
the perpendicular scale (see  'I'sble 61, In the ur~processed fluid, 
this ratio is  l e s s  than 1. The length scale based on the width of 
the central lobe in the picture correlation function, which i s  prob- 
ah;y the most accu-rately measured scale, indicates that the deriva- 
tion from complete isotropy is approximateiy 4'70, This could be 
due t o  the fact that the gases are  injected into the box perpendicular 
t o  the axis of the shock tube and are taken out through the shutters, 
which a t  the wi;zdow location causes a preferred dir-ection parallel 
to the axis. After the fluid has been processed by the shock, the 
ratio I? becomes larger  than 1, 'This result is the same for a l l  
scales obtained from the measured correlat.ion function except for 
that obtained from the period of the outside lobes, The effect of 
shock strength is also ~hotvn in Table 6 ,  For  the stronger waves 
(&A = 11. 11, the ratio T' in the processed fluid is l a rger  than it is 
8 
f o r  the weaker (Ms = 1. 807) waves. 
VIII. CONCLUSIONS 
The conclusions of the study of propagation of weak shocks 
through a randorn medium a r e  listed irk the following paragraphs. 
1. The experimental facility used in this investigation has  
performed very satisfactorily within the design cri ter ia ,  The 
capability of characterizing the density field in  the absence of a 
shock wave allows u s  to adjust the mixture in the tes t  sec t io i~  so 
that both the mean  density and the mean  speed of sound match the 
values for a i r ,  The perturbations on the shock caused by the 
mean  propert ies  of the medium a r e  therefore minimized. 
2. The effect of the turbulence on the shock wave i s  
considerable. The shock amplitude i s  modified, a random pressure  
field i s  generated behind the shock, and an apparent increase of 
the r i s e  time of the initial disturbance i s  observed, possibly- due 
to multiple folding of the wave front. Quantitative resul ts  a r e  
presented for four different characteris t ic  features of the p ressure  
signatures: a )  the shock strength, b) the shock r i se  time, c )  the 
peak amplitude, and d)  the time delay between the front and the 
peak arnglihlde, 
a )  The value of the observed shockwave amplitudes, which. 
a r e  normalized with the unperturbed shock strength, vary frorr~ . 1 
to l .  9 for  the weakest incident wave. Fo r  stronger waves the 
minimum- and maximum normalized p ressures  are progressively 
l e s s  widely dispersed a,bout the undisturbed value, 1 .0 ,  Scattered 
waves tend to coalesce with the pr imary front by gasdynamic 
nonlinearity, a mechanism which tends to balance the attenuation 
of the wave by turbulent scattering. 
b)  The measured r i se  time for  the Ms = 1.007 shock 
varies between 1 psec, the time resolution of the transducer, and 
10 psec, At both measuring stations, one near the downstream 
shutter and one 22 cm further downstream, the result  i s  the same. 
This observation can possibly be explained in t e rms  of the geomet- 
r ica l  theory of acoustic wave propagation. A tilt o r  ripple in the 
wave front can cause an oblique arr ival  of the wave on the gauge, 
which yields an apparent increase of r i se  time, It i s  shown that 
perturbations on the shock wave of 10 cm radius of curvature 
generated by inhomogeneities of scale 6 cm would exhibit the same 
apparent r i se  time a t  both measuring stations, but perturbations 
of significantly different scale would not, 
Another geometrical effect that can cause apparent r i se  
t imes larger  than those due to the actual shock structure i s  
wrinkling of the shock front on the scale of the micro  structure 
1 of the density inhomogeneities (1 = 1. 5 mm). Currently, a large  
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a r r ay  of small  pressure  transducers i s  being constructed in this 
laboratory, and experiments will soon be carr ied  out to determine 
the small scale structure of the shock topology. 
The long r i se  times observed in a few of the present  experi- 
ments would be explained i f  for some reason the thickness of the 
incident shock front had been increased by almost two orders  of 
nlagnitude by the scattering process, A mechanism for this effect 
has been suggested and quantified by George and Plotkin (Ref. 6)-  
However a difficulty with this explanation i s  that nonlinear effects 
should steepen the wave into a sharp front  with greatly reduced 
thickness during i t s  t ravel  f rom the shutter location to the endwall. 
c )  The maximum observed peak pressure,  which i s  non- 
dimensionalized by the unperturbed shock strength, i s  1.9, and 
this value decreases  with increasing Mach n ~ m b e r ,  The trend of 
the peak p ressure  with incident shock strength can be understood 
by considering the tendency of portions of the scat tered wave fronts 
to focus. As shown by previous experiments on shock-wave folding, 
the overshoot in  p r e s su re  profile i s  characteris t ic  of focusing wave 
fronts. Near a focus the p ressure  r i s e s  sharply above the unper- 
turbed value, the magnitude of the amplification depending on the 
strength of the wave and the initial curvature of the wave front. 
The curved wave fronts  and the intersections of waves seen in the 
schlieren pictures, suggest that focusing of wave fronts indeed can 
0 ccur . 
d)  The n~ax in ium peak amplitude decreases  slightly with 
Mach number and i s  mos t  likely observed within 20 psec behind the 
front. The probability of fincling the peak amplitude far ther  behind 
the front decreases  with distance. However, the probability does 
not decrease  monotonically but increases again beyond a certain 
t ime behind the front fo r  the Ms = 1.0 3 case. This phenomenon 
i s  as yet not understood. 
Based on the optical observations and the p r e s su re  signa- 
tures,  i t  i s  concluded that wave fronts can break up under the inter-  
action with turbulence. This can possibly be explained by wave 
folding due to focusing. 
3, A formulation based on geometrical acoustics (Pierce,  
Ref. 7 )  indicates that wave front ripples of scale 4 cm and with 
radius of curvature 8 crn can cause peaked profiles with a spike 
width of 8 psec. This implies that scales comparable to the 
integral scale in the scattering medium can be responsible for 
some of the observed over pressures.  These scales a r e  similar 
in size to those that would exhibit- the observed r i se  time a t  both 
measuring stations (cf. VIII 2 ) ) ,  
4, The effect of the sllock wave on the turbulence i s  
demonstrated by the schlieren and shadowgraph photographs. The 
strongest shocks reduce the scales of turbulence in the shock- 
con~pressed  fluid and the medkum becomes Inore anisotropic; 
apparently a fluid element is stretched in a direction parallel to 
the wave front and cornpressed in the perpendicular direction. 
This visual observation i s  confirmed by quantitative data frarn the 
optical correlator, 
In conclusion, it  can be stated that data have been obtained 
describing the interaction sf a shock wave with a random mediwn 
in  a classical  scattering configuration in which nzean effects do 
not significantly affect the process, An attempt has been made to 
account for the important features of the phenomenoni> but by no 
nleans have the data  been explored for their f ~ l l  potential. Tlljs 
will be the subject of future research. 
APPENDIX A. DETAILS O F  EXPERIMENTAL APPARATUS 
A. 1. Elements in Txirbuler~t ---Mixer 
Figure A. 1 shows a top v i e - ~  a.nd horizontal cross  sectiori of 
the apparatus, which i s  mounted a t  the end of the GALCiT 17-inch 
dianleter shock tube. The shock wave rnoves from left to right. 
The transition section inside the 17-inch shock tube is  called the 
cookie-cutter. The shutters a r e  shown in the closed position. The 
jets in the vertical sidewalls a r e  alternately in a checkerboard con- 
figuration (see Fig. A,. 9 )  connected to the two plenum chambers. 
The C C L  F reservoir  is  connected to the jets in the sidewall by 2 2 
pipes inside the chamber. 
Figure A. 2 shows the shutters in the closed position a s  
viewed from the endwall. The units to the left and the righ'c of the 
CmS shock tube a r e  the plenum chambers with the grid drive mecha.niaA 
removed. A more detailed view of the shutters, the shutter and 
grid-drive mechanisms and the grids is shown in Figures A. 3-A.  9 
and A .  3-A, 11. A photograph oE the four units which make up the 
turbulent mixer i s  shown in Figure A. 3. The units on the left and 
right for-m the shutter assembly arid the two units in between a r e  
the plenum chambers with the grids. A black grid, mounted in 
the sidewall, i s  visible in the reservoir  farthest away. On the 
right hand side of the plenum chamber in the front the white inlet 
pipe i s  visible. The four blocks mowted at the back of this 
reservoir  a r e  the 1.ead screw a.ssemblies. The drive rnecha~ilsms 
for the grids and shutters a r e  not shown in this photograph. 
Figure A,. 4 is a close-up picture 01 the shutter assembly in the 
opened position. The face plates of the shutter blades do not show 
the exhaust holes as  indicated in Figure A .  7. The drive mechanism 
i s  also not shown. Figure A,. 5 depicts a plenum chamber unit with 
the grid in the outward position away from the sidewall. The white 
pipes on the right-hand side a r e  the inlets to the two reservoirs .  
Figure A. 6 shows a side view of the assembled turbulent mixer a s  
mounted a t  the end of the 17-inch shock tube (located on the left). 
The vertical black cable cylinder in the front drives one grid and 
the shutters a r e  shown in the opened position. The air piston on 
the upper left side drives a shutter. The two pieces of flexible 
tubing that a r e  attached to it  form the inlet and exhaust lines, The 
exhaust lines on the shutter blades themselves a r e  removed. The 
wooden cover on the left constitut:es a par t  of the enclosure around 
the turbulent mixer and optical system. 
The four positions of the optical window in the mixing zone 
a r e  indicated in Figure A.  12. The position for al l  the pictures used 
in this thesis i s  indicated by the solid line. The center is 10. 8 cm 
away from grid 2 and 13 cm from the upstream shutter. The 
centers a t  the four locations a r e  separated by 5 cm in the transverse 
direction and 9 cm along the shock tube axis. 
A2.  Calculations of Mean Molecular Weight and Speed of Sound in 
--
a Binary Gas Mixture 
The speed of sound in an ideal gas is  given by: 
where y = c /c  the ratio of the specific heats, K i s  the gas con- 
P vy  
stant, s i s  the entropy and T the absolute temperature. For  a 
mixture of two gases, 1 and 2, this ratio i s  
Y - - al Cpl + 02 Cp2 
mix 
al Cvl + 01;! Cv2 I 
where a denotes the mass  fraction, 
The gas constant i s  determined by 
R 
= a1 R1 -I- % R2 mix 
Therefore, equation A -  1 can be used to calculate the speed of 
sound in a mixture according to 
a 
2 
- R T = y  
mix - Ymix mix  mix (al R1 + a 2  R 2 )  
2 a 
a 2 - - a 
2) 
a l  + - 
mix ap cV1 y2 (A -4 )  
The molecular weight for a mixture is  
where c denotes the concentration by volume. 
A3. Drive Mechanism Grids 
The power unit in the drive mechanism for  the grids con- 
s is ts  of a pneumatic cable cylinder (Tol-0-Matic, 3 .  8 crn bore) as 
shown in Figure A. 18). The cable i s  connected to four leadscrew 
units through a system of chai.ns and sprockets. The l inear motion 
of the piston i s  transformed into a rotation and in the leaclscrews 
this sequence is  reversed. At the end of the stroke an a i r  cushion 
decelerates the piston. In this fashion a very smooth operating 
system has been devised. The cable cylinder i s  activated by fast  
acting s olerloid valves. 
A4.  Shutter Drive Mechanism 
The shutter drive mechanism i n  shown in Figure A. 11. It i s  a 
four linkage mechanism that is  mounted a t  the sidewall of the turbu- 
lent mixer. The shutters a r e  operated by the motion of the 
pneumatic linear actuator. In the retracted rod position the shutters 
a r e  closed, a s  indicated in Figure A .  1 I ,  by the dashed line. In the ex- 
tended rod position, lever 1 ,  which i s  connected to the shutter 
blades, has rotated 45'. A.t that position the angular velocity of the 
blades i s  zero and a further extension of the piston rod will reverse  
the direction of rotation. 
A5. The Shock Tube Firing Mechanism 
The shock tube firing mechanism consists of a high pressure  
vessel  (1 1 atm. rnax pressure)  which i s  connected through a 2 . 5  cm 
dia,rneter pipe to the driver section of the GALCIT 17-inch shock 
tube. A bypass line with a metering valve (1 em maximum 
opening) i s  used for  small, accurate flow rates. A fast  actuating 
solenoid valve s tar ts  and stops the flow into the driver. Inside 
the test section a small  d 4 cm. pneumatic linear actuator injects 
the movable knife blades into the diaphragm. This piston i s  also 
activated by a solenoid valve, 
.A.6. Electronic Control C i r c u i w  .- 
In Figur.e A. 15, a schematic  of a single channel i s  shown. 
An input t r igge r  pulse i s  transniit ted through an  open collector 
inver ter ,  which in turn t r iggers  the SN74121 monostable vibrator.  
An external  R. C: circui t  controls the duration of the output pulse, 
which i s  used fo r  the delay signal. This chip can be completely 
bypassed and then the t imer  SN'74121 i s  t r iggered immediately by 
the SN7406. The output of the t imer  i s  variable  and is connected 
to  a Teledyne solid s tate  relay. 
Appendix A7. - Normal operating conditions 
-- 
Following a r c  the normal  operating conditions for the T u r b ~ t -  
lent Mixer.  
--He regulator p ressu re :  T1 = 71 psig; T = 56 psig 4 
- -F reon-  12 tank p ressu re :  Po = 60 psig 
--Grid drive regulator p ressu re :  P = 42 psig 
g 
--Shutter dr ive regulator p ressu re :  P = 45 psig 
S 
--Auxiliary tank p ressu re :  P - 80  psig 
aux 
--Auxiliary flow time: t = 250 msec 
A P P E N D I X  B. INSTKTJMENT~ATION 
Appendix B1. ---. Density probe 
The density probe cosnstr~ction i s  shown iri Figure A. 1. The 
instrument consists of a hot wi re ,  1.27 1 mrn dianister,  which 
i s  stretched across a small  g lass  (0. 2 mln) capillary 'cube. The 
capilar .y tube i.s connected tcr a vacwlm purup, a d  the f low through 
the nozzle ups t remr  of the hot wire i s  sovlicaLly choked. The 
flow past the \wire i s  then inciependent of the free s t r c m  velocity 
( z ' )  (to k3 M,) and i s  only contingeni: upoa the conditions a t  the throat:. 
The output of the hot wire is therefore oi-~ly irxflueaa:ed by  the 
properties of the gas being sampled.  
Tile probe i s  calibrated in  a chaxr~ber jn which the concen- 
tration o i  helium in x mixture wit11 f reon-  l i: call be eontrollcd. 
The ov.tpnt of the hot wire is  then n ~ e a s u ~ e d  as a function of the 
concentration of helium, These data are curve fitted and a cafi- 
bration plohwhich relates the conze:~bra.tion to a nondimonsional- 
ized outptlt voltage (V - 
rr. a x  
V and T i  denote the hot wire aneinometer output voltages 
rnax min 
for E,elium. and freon- L 2 rcspectf vely . I'lxzring ax1 experiment this 
chkibration curve i s  stored in  the cor1ipzz'ier menwry of the data 
acquisition system, the Solo system ( see  Section 4. 2. 1). The 
response of the hot wi re  "to a square wave signal jrdicatitzs a. 
100 kHz wire  f r e q u e ~ c y  se so l~ t ion .  The signal to noise ratio 
of the pro be i s  srzfficierlt to detect corrceliiration fluctuatic~ns of 
+ 1%. 
In this experiment there  is no appreciable mean velocity 
over the probe although the instantaneous flow velocity may reach 
1-2 m/sec .  Therefore, the spatial resolution i s  arbitrari ly defined 
a s  the radius of a spherical sampling volume on which surface the 
a i r  inflow velocity is  equal to 1 rn/sec, The mass  flux through 
this surface corresponds to the sink strength of the sonic throat 
on the tip of the probe. For  a throat diameter of . 025 mm, the 
spatial resolution i s  0. 2 mm. 
Appendix B2. Schlier en sys tem 
A general purpose schlieren system for use with the GALCIT 
17-inch shock tube was designed during the course of this experi- 
ment. The arrangement of the optical elements i s  i l lustrated i n  
figures B. 2 and B,  3. Figure B. 2 shows a side view of the optical 
system in  relation to the turbulent mixer and the 17-inch shock tube. 
The f i r s t  concave reflector i s  closest to the light source (Fig, B.3)  
and i s  used to obtain a collimated beam. The parallel beam i s  then 
reflected 90° downward, perpendicular to the observation windows. 
Another flat m i r r o r  reflects the light onto the second concave r e -  
flector,  which focuses the beam onto the Optical Fourier  Transform 
plane (OFT) (Fig, B , 3 ) .  A camera i s  used to focus onto the ob- 
ject inside the turbulent mixer. Provisions a r e  made upstream of 
the second reflector to accom~nodate a f i lm plate holder for the 
shadowgraph configuration. In the OFT plane a knife edge o r  dot 
can be inserted into the beam to block a portion of the focal spot. 
Standard with the system i s  a high voltage spark gap (5 kVj and a 
continuous Hg vapour light source. The apparatus i s  suspended 
f rom a ra i l  mounted on the ceiling of the laboratory and i s  vibra- 
tion isolated f rom the shock tube facility. The unit i s  completely 
enclosed in a darkroom to facilitate daytime observations, : 
The smallest scales in the turbulence that can be observed 
with the system i s  determined by diffraction effects. Scales of 
turbulence of order a diffract light of wave length X a t  an angle 
$:The author wishes to thank Dr. Kulkarny for his assistance with 
the construction of the system. 
8 = X/a. For  the shadowgraph setup, the limiting aperture in the 
instrunlent is  the film plate, and scales smal ler  than a s 0. 01 rnm 
a r e  not visible because the light i s  not collected on the film but 
scattered out of the system. For  the schlieren configuration the 
minimum observable scale i s  approximately a ,-- 0. 005 mm. 
Appendix B3. =ical correlator  
The optical correlator  used for obtaining the shadowgragh 
and schlieren correlation functions i s  shown in figure B, 4, An Hg 
vapour point a r c  source is placed in the front focal plane of a 
double convex achrornat, which collimates the beam onto the two 
slides to be correlated. One slide i s  mounted in an Ardel kine- 
matic positioning stage with three degrees of freedom (horizontal, 
vertical,  rotational), and one slide i s  stationary. Upstream of the 
stages, an adjustable aperture controls the a r ea  over which the 
correlation i s  taken. The transmitted light i s  collected by a second 
double convex achromat and focused onto a photo detector. A flat 
m i r ro r  can be positioned between the detector and the second lens 
to irnage the two slides onto a viewing screen. 
The experirnental procedure to obtain a correlation function 
i s  a s  follotvs: two transparencies (36 mm slides)  a r e  made from 
the negative of interest .  This i s  done by placing the original 
negat-ive i n  a collimated light beam to assure  uniform illumination. 
The two slides a r e  then placed back-to-face in  the optical correlator 
and the linear stages a r e  used to align the slides. During this 
process,  the slides a r e  imaged onto a viewing screen. 
After alignment the viewing mi r ro r  i s  removed and the posi- 
tion of the slides i s  fine tuned by moving the one slide until a 
maximum detector output i s  obtained. p n e  slide i s  then translated 
relative to the other by a dc motor drive. The position of the 
movable slide i s  recorded by a precision 25 turn 500 i2 Reckman 
D se r ies  potentiometer. The spatial resolution of this system i s  
3 p.m. The output of the detector  and the position of the t ransla-  
tional s tage can be m3asured  simultaneously to obtain a correlat ion 
function a s  shown in Figure 5. 9. The actual  physical set up is 
shown in Figure  B . 5  , 
96 
Appendix B4, Data acquisition sys  tern 
The schematic of the data acquisition sys tem is shown in 
Figure  B. 6 .  The output of the hot wire se t ,  designed and built a t  
Clatech by T. P e r r y  and B. Cantwell, i s  connected to the iriput of 
a differential amplifier,  Princeton Applied Research ,  model 1 13 A, 
and Instrument Amplifier 1, built a t  Caltech. A dc: offset signal 
f r o m  Analogic model An 3100 is subtracted f r o m  each hot wire 
signal, and the difference is anlplified 10  times. After being 
fil tered by a low-pass fi l ter with a n  attenuation rate of 24 db per 
octave outside the pass  band (Kron hite 3202, A), the signal is fed 
into the ADC of the Solo System. F o r  all data taken, the cut off 
frequency se t  on the fil ter i s  5 kHz. The ADC i s  sarnpli~lg at a 
r a t e  of 10 kHz per  channel. 
r n o ~ ~ c o c o m ~ r n ~ ~ c - ~ +  
O r - r - N m - + N C - - O W a J r - t - a  
I . . . . . . . . , . . . .  
m m m r n v ' N N m m N ~ N v ' N  
Q, a, a, Q 
k k k k k k 
0 5 0 0 k 2 0 ,+, W 4J a, W a, 
0 G m G a, a , "  
m 4  m . ~  rs 2 is 2 
LC) a, 
CO 0 
-4 
7- 
x 0-2- p m.,-= , mu? 1 P N  1 
CSgc I I M  Cr, + I 
'z 2-T!. + I 
TABLE 3 
LIST O F  TR.ACES W T H  PRECURSORS 
Downst ream Shut ter  Locat ion 
---- - -- 
E~idwall IAocation 
-------- 
R u i ~  Trace  No. Run  - Trace -- No, 
---
4669 4 4684 1 
4670 3 4686 4 
TABLE 4 
MEAN VALUE FOR THE ARRIVAL TIME DIFFERENCE 
BET WE EN PRESSURE GAUGES MOUNTED I N  FALSE ENDWALL 
Shutter Locatian Endwall Location 
Gauge Gauge Gauge Gauge 
TABLE 5 
PEAK WIDTHS BEHIND AMPLIFIED SHOCK 
Mach No, Posit ion Run 
1.007 shut ter  466 1 
4663 
4668 
4674 
4678 
1. 007 endwall 4687 
4688 
4699 
4703 
1 .  03 shut te r  4589 
4 5 8 9 : 
4593 
4594 
46 0 3 
1. 03 endwall 472 0 
4722 
1.1 shut te rs  4743 
4749 
4758 
endwall 
Peak  Width Average 
(psec)  (psec)  
-1, - 
Run 4589 showed two p r e s s u r e  profiles with a peaked wave front. 

A!-2024 R u b b e r  
FIG.3.2 P R E S S U R E  T R A N S D U C E R  h !OUNTIN G 
P L U G .  
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F I G . 6 . 1 4  S C H  L I  E R  E N P H O T O G R A P H  OF M,=l.03 
U N P E R T U R B E D  S H O C K  M O V I N G  
F R O M  R I G H T  T O  L E F T  
FI G. 6.15 S H A D O W G R A P H  P H O T O G R A P H  O F  
M s = l . 0 0 7  S H O C K  W H I C H  I S  I N D I S T I N G U I S H A B L E  
F R O M  T H E  T U R B U L E N C E  
F I G .  6.16 SHADOWGRAPH P H O T O G R A P H  OF 
Ms=1 .03  SHOCK MOVING F R O M  R IGHT  TO LEFT  
FIG.6.17 S H A D O W G R A P H  P H O T O G R A P H  O F  
M s = I . I  SHOCK M O V I N G  F R O M  R I G H T  TO LEFT 
F I G . 6 . 1 8  S C H L I E  R  E N  P H O T O G R A P H  O F  M,=l.007 
SHOCK W H I C H  I S  I N D I S T I N G U I S H A B L E  F R O M  
T H E  T U R B U L E N C E  
FIG.6.19 S C H L I E R E N  P H O T O G R A P H  O F  M s = 1 . 0 3  
S H O C K  M O V I N G  F R O M  R I G H T  TO L E F T  
F IG .6 .20  S C H L I E R E N  P H O T O G R A P H  O F  M s = l . l  
S H O C K  M O V I N G  F R O M  R I G H T  TO L E F T  
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F I G .  A I I SCHEMATIC 0' SHUTTER DRIVE MECHAtJlSM 


Ch. 2 Beta 
Ch. 3:Trigger 
Ch. 4: Grid l In 
Cn. 5 : Grid 2 Ou! 
Ch. 5 :  Grid 2 In 
Ch. 6 :  Supply Lines 
Ch. 7:  Upstreurn Shutter 
Ch.7: Downstream Shu!fer 
C h . 8 :  17"SI  Driver 
Ch. 9 :  Knifa Blades 
12 
FIG A 14 SCHFMATlC OF THE ELECTRONIC COIJTROL SYSTEM FOR THt TURRIJLENT M I X E R  

dl = Capi l l a ry  O p e n i n g  =O.Olrnrn 
dZ= C a p i l l a r y  D i a m e t e r  
- 0 .2  r n m  
L 2 -  3 mm-+ 4 
F I G ,  W . I  DENSITY P R O B E  

--- 
- 
Beam Diameter S5cm 
Top V i e w  Light Source Arrangement 
Film Plane kckrsmat 4 
Top V iew Carnzro Arrangemoot  
FlG.R.3 DETAILS SCHLIEWEN S"BSTEh4 
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